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The magnitude of of the CKM matrix element |Vcb| is determined based on the
exclusive semileptonic B0 → D∗−`+ν` decay with data from the Belle experiment
at KEKB. Two different parameterisations of the hadronic transition form factors
are used in the extraction of the form factor parameters and F(1)|Vcb|ηEW. We
find that the commonly used model dependent Caprini-Lellouch-Neubert form fac-
tor parameterisation yielded |Vcb| results 10% lower than the model independent
Boyd-Grinstein-Lebed approach. The latter are in good agreement with the inclu-
sive approach for the determination of |Vcb|, suggesting the long standing inclusive-
exclusive tension may be solved. The branching fraction of B0 → D∗−`+ν` decays
and the lepton universality ratio B(B0 → D∗−e+νe)/B(B0 → D∗−µ+νµ) are also
measured. Results compatible with the world average for the former, and with the
SM for the latter are found. This thesis presents the most precise measurements of
B0 → D∗−`+ν` and exclusive |Vcb| ever performed.
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1. Introduction
The Standard Model of particle physics is a theory that describes the properties
and the interactions of fundamental particles. Although it is very successful, it is
incomplete. It fails to account for most of the mass in the universe called the dark
matter, which is inferred from observations in astrophysics. It also fails to account
for non-zero neutrino masses, which are implied by neutrino oscillation experiments.
Even within the domains of its applicability, it has about two dozen free parameters
to be determined by experiment. Quantitative tests of the Standard Model, as well
as the searches for physics beyond the standard model, require precise knowledge of
these parameters. This thesis address the determination of one of these parameters.
In the Standard Model, there are three families of fundamental matter particles.
The second and the third families are more massive partners of the first. The
families are differentiated by a quantity called "flavour". Among the fundamental
interactions described by the Standard Model, only the charged weak interaction can
change flavour. The flavour changing interaction produces many phenomena like for
example Charge-Parity symmetry violation. In the quark sector these phenomena
are described by a complex 3× 3 CKM matrix in the Standard Model. This matrix
mixes the different flavours of quarks and can accommodate the violation of CP
symmetry with a complex phase.
In this thesis we will study the transition of a b-quark to a c-quark, in B meson
decay. There are experimental facilities which are built to investigate the properties
of the B mesons. Two prominent examples are the Belle experiment at KEK (High
Energy Accelerator Research Organization, Tsukuba, Japan) and LHCb at CERN,
Geneva. KEKB is called a B-factory because as it produce B mesons with high rate
near the kinematic threshold for production with no additional particles in the event.
1
2 CHAPTER 1. INTRODUCTION
The primary targets of B-factories are to quantitatively determine the mechanism
of CP-violation in B meson decay and mixing, and to measure the fundamental
parameters of the Standard Model related to B physics with high precision. In this
thesis, we are interested in semileptonic B decays of the type B → Xc`ν, where `
is an electron or a muon, ν is a neutrino and Xc is a hadronic system including a
charm quark. Details of these particles and semileptonic decays are explained in
chapter 3. The main features of these decays are
• They are experimentally accessible and theoretically clean;
• They can be used to extract one of the fundamental parameters of the Standard
Model,|Vcb|;
• They can be used to study deviation from the Standard Model expectation,
due to new types of weak interactions.
2. Theory
The Standard Model (SM) of particle physics is a coherent theory of nature at
the fundamental level and it is the best human effort that explains all the fun-
damental constituents of matter and their interactions. The SM describes the in-
teractions between elementary quarks and leptons (matter particles) and three of
the fundamental forces (weak, strong and electromagnetic) using a gauge group
SU(3)C × SU(2)L × U(1)Y . The SU(3) part describes the strong interaction while
the SU(2)L × U(1)Y part corresponds to the electroweak interaction. The matter
particles (quarks and leptons) are spin 1/2 fermions, while the force carriers (photon,
gluons, Z0 andW±) are spin 1 bosons. Every particle has an associated anti-particle
which has the same mass but opposite quantum number such as charge. The Higgs
is responsible for particles’ mass and is a scalar, hence it has spin 0. The known
matter particles described by the SM are listed in Table 2.1.
Table 2.1: Leptons and Quarks in the Standard Model.
Name Symbol Charge (e) Mass (MeV/c2)
First
generation
Quark Up u +
2
3 1.5− 3.3
Down d −13 3.5− 6.0
Lepton Electron e −1 0.511Electron neutrino νe 0 < 0.0000022
Second
generation
Quark Charm c +
2
3 1160− 1340
Strange s −13 70− 130
Lepton Muon µ −1 105.7Muon neutrino νµ 0 < 0.17
Third
generation
Quark Top t +
2
3 169100− 173300
Bottom b −13 4130− 4370
Lepton Tau τ −1 1777Tau neutrino ντ 0 < 15.5
3
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2.1 Strong Interactions
Quantum Chromodynamics (QCD) is the quantum theory of the strong interaction
between quarks. Strong interactions are mediated by massless gluons, which couple
to the ’strong’ charge. Since quarks are the only fundamental particles with nonzero
‘strong’ charge, these are the only particles to feel the strong interaction – leptons
do not interact via the strong interaction. The strong interaction charge is called the
colour charge. Colour is a conserved quantum number with three values, labeled red,
green and blue. Quarks are said to carry a colour (r, g or b), while anti-quarks are
said to carry an anti-colour (anti-r, anti-g and anti-b). As mentioned earlier, strong
interactions have the group structure, SU(3)c in which c denotes the colour of the
quarks and gluons. Experimentally, we have never observed a free quark or gluon,
they are always confined within hadrons. Confinement is an important feature in
QCD. The confinement of gluons and quarks is a consequence of the very nature of
the strong interaction, but there is no direct and straightforward explanation. The
effect of confinement is to make all coloured particles bound into states that have
no net colour. They are either colourless (a combination of a colour and an anti-
colour) or white (a combination of red, green and blue). B mesons are an example
of the colourless states, being mesons (composed of a quark-antiquark pair) and
protons and neutrons are examples of white states, being baryons (composed of
three quarks). Quarkonia are flavourless mesons consisting of a quark and anti-
quark of the same flavour, for example the Υ(4S) is bound states of bottom and
anti-bottom quarks. A B0 meson consists of d and b̄ (anti-b) quarks, and a B+ meson
is made of u and b̄ quarks. A proton is a baryon and is made of two u quarks and
one d quark. Baryons and mesons are both called hadrons. As quarks are confined
in hadrons, all fundamental particles we can isolate are divided into two categories:
leptons and hadrons.
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2.2 Electroweak Interaction
Every fundamental particle of the Standard Model feels the weak interaction. Elec-
tromagnetic and weak interactions are unified into electroweak interactions, whose
group structure is SU(2) × U(1)Y . The Y represents the weak hypercharge, and
the charge of SU(2) is the weak isospin. Weak hypercharge and weak isospin are
not conserved because the SU(2)×U(1)Y symmetry is broken. The only conserved
charge is the electric charge. There are two types of weak interactions: neutral weak
interactions, which are mediated by Z0 and charged weak interactions, which are
mediated by W±. The mass of the W± bosons are 80.40GeV/c2, and the mass of
the Z0 is 91.2GeV/c2, the photon is massless. The processes in which a W± boson
is emitted or absorbed are the only ones in which a quark’s flavour may be changed.
In fact the appearance of a W± boson is always related to the creation or loss of
a quark and differently charged anti-quark, or of a lepton and neutrino (or their
anti-particle counterparts). The charged weak interaction is the only fundamental
interaction that does not conserve flavour and CP symmetry.
2.3 The Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix
Charged weak interactions, allows for quarks to swap their flavour for another, i.e.
a up-type quark can transform into a down-type quark. This happens because the
weak eigenstates and the mass eigenstate do not coincide. The left-handed fermions
transform as weak SU(2)L doublets where the right handed components anti-fermion




 , LiL =
νiL
eiL
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where the index i represents the three fermion generations. The couplings of quarks
and leptons for SU(2)L and the couplings of right handed singlets are given by the
Lagrangian [10],






L − gi,je ēiR〈H0〉eiL. (2.3)
The mixing matrix is formed by applying the unitarity transformation on the
two components of each SU(2)L doublet, acting on the three generation of quarks
















The states denoted with prime are the weak eigenstates and the states without
the prime are the mass eigenstates of the down type quark, where VCKM denotes
the strength of the coupling. The flavour transition from one generation of an
up-type quark to another generation down-type quark is a measure of probability,
which is proportional to square of the magnitude of the CKM matrix element |Vqq′|2.
The CKM matrix elements are fundamental parameters of the Standard Model and
cannot be predicted.
Most values of the CKM matrix element magnitudes are measured directly with
tree level processes. The magnitude of the CKM element Vcb is measured from the
tree level process of b to c decay while Vtd is determined indirectly from the mixing
oscillation frequency of Bd − B̄d using loop diagrams, as shown in Figure 2.1.
The bottom quark transformation into a charm quark and a electron electron-
neutrino pair via a weak W boson is an example of a charged current interaction.
This transition is written in terms of CKM matrix elements as:
s′ = Vcdd+ Vcss+ Vcbb. (2.5)
Here the b quark couples to the weak eigenstate of the quark in the same family, s′,
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4.2.2 |Vcb| element of CKM matrix
This element describes the quark-flavor changing b → c, which can be measure experi-
mentally through
• Inclusive semi-leptonic decays of B-meson to charm and
• Exclusive semi-leptonic decays of B-meson to charm
The following Feynman diagram for the decay of B-meson into D-meson is an example of
quark-flavour changing b → c, therefor the vertex of this Feynman diagram gives the |Vcb|
element of CKM matrix.
Figure 4.15: Semi-leptonic decay of B-meson into D-meson
The decay rate of semi-leptonic B-meson decay related to the |Vcb| element of CKM
matrix is written in[28] as









Some values of this element is listed in Table(4.6) taken from inclusive and exclusive
semi-leptonic decays of B-mesons. It is clear from this table, the exclusive decay contains
large uncertainties as compared to inclusive decays therefore the table also contains some
values which are the average of both decays. This data is plot on excel sheet to study the
variations in the values of |Vcb| from 2000 to 2012. This graph also gives the information
about the uncertainties in the measurements.
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(a)
Therefore, these two elements of CKM matrix can be determined indirectly from B−B
oscillations. These oscillations were first observed in 1987 in B − B and these oscillations
are described by second order weak interactions through box diagram.
|Vtd| Element of CKM Matrix
This element of CKM matrix can be determined indirectly from the mixing of Bd − Bd.
The Feynman diagram of this mixing is as following
Figure 4.17: Box diagram of Bd − Bd mixing
B-factories BABAR and Belle measure the ∆mBd [24] which relates with |Vtd| element
as
∆mBd ∝ |VtdV ∗tb|2 (4.6)
From above equation Vtd element can be found by assuming that |Vtb| = 1. Some values
of |Vtd| calculated in PDG, through above procedure are given in Table(4.7). These values
ar plotted on a graph to check the uncertainties in the measurements.
Year |Vtd| Experiment
2008 (8.1 ± 0.6) × 10−3[12] Bd − Bd mixing assuming Vtb = 1
2010 (8.4 ± 0.6) × 10−3[14] Bd − Bd mixing assuming Vtb = 1
2012 (8.1 ± 0.6) × 10−3[20] Bd − Bd mixing assuming Vtb = 1
Table 4.7: Values of |Vtd| taken from PDG
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(b)
Figure 2.1: A tree level b → c diagram with Vcb dependence (left) and a loop level
mixing diagram with Vtd and Vtb dependence (right).
hen the W boson interacts with the c quark. Thus the amplitude of this decay
is proportional to only one CKM matrix element Vcb. When the amplitude of the
decay does not change under CP transformation, the elements of the CKM matrix
are real, the imaginary phase appearing in the CKM matrix s responsible for CP
violation. CP asymmetry is suppressed in th case of meson mixing.
2.3.1 Parameterisation f th (CKM) Matrix
The CKM matrix is a complex 3 × 3 matrix consisting of 18 real parameters. The
unitarity condition imposes 32 constraints. Furthermore, the rotations of quark
fields removes 5 phases. Hence the total independent parameters are four. So,
the CKM matrix can be parameterised using 4 parameters that includes three real
parameters and one complex phase. In the matrix, the diagonal elements are almost
equal to one where as the off diagonal elements are very small. There are many
parameterisations of the CKM matrix. The most commonly used is the Wolfenstein
parameterisation, that at third order in λ (Cabibbo mixing angle) is denoted as [11],
VCKM =

1− λ22 λ Aλ
3(ρ̄− ι̇η)
−λ 1− λ22 Aλ
2
Aλ3(1− ρ̄− ι̇η̄) −Aλ2 1
+O(λ4), (2.6)
This parametrisation is an expansion in the powers of λ, A, ρ, and η. The CKM
matrix element |Vcb| is related to λ as Aλ2 = |Vcb|. It is common to express ρ̄ and η̄
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The complex phase is a representation of CP violation.
2.3.2 Unitarity Conditions of the CKM Matrix
The CKM is a unitarity matrix , which means that all elements in the matrix are










kj = δik. (2.9)
In the complex plane, this unitarity condition can be expressed as triangles. The
area of these triangles is proportional to the amount of CP violation. The more
significant triangles from the experimental point of view are those where the sides




ub + VcdV ∗cb + VtdV ∗tb = 0. (2.10)
VudV
∗
td + VusV ∗ts + VubV ∗tb = 0. (2.11)
Taking Equation 2.10, to make (VcdVcb) real, a phase convention is chosen by dividing
it with |VcdV ∗cb|, which normalises one of the sides of the triangle as shown in Figure
2.2. The vertices of this normalised triangle are (0, 0), which is fixed, and vertices
(0, 1) in the (ρ̄, η̄) plane which are determined experimentally. The angles of this
triangle are as defined as follows
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b → cW − W − → ℓ−ν̄
Vcb |Vcb|
Figure 2.2: Normalised Unitarity Triangle.
of the unitary triangles need to be measured. The decays of B mesons can be
used to measure both the sides and the angles. The CKM matrix elements |Vcb|
and |Vub| are extracted from tree level processes. |Vcb| is extracted with greater
precision as it is a more abundant process, whereas |Vub| is the smallest of the CKM
elements and more challenging to experimentally extract. The consistency of CKM
measurements with the expectation of the SM is done by performing a global fit that
combines measurements from different B, D, K and τ decay processes constraining
the the unitarity triangle as shown in Figure 2.3.
The precise determination of the angle β sets tight constraints on the measure-
ment of the side of the triangle opposite the angle. These experimental results
require input from lattice QCD calculations since the precision of matrix elements
|Vcb| and |Vub| depends on precise determination of hadronic transition form factors
[12]. In the next chapter, the theory behind the determination |Vcb| is discussed
for the measurement based on exclusive decays of the B meson. In this thesis, the
measurement of CKM matrix element |Vcb| is presented, as well as some tests of
lepton flavour universality and CP symmetry in semileptonic B decays. The latter
are generally considered sub-sample cross-checks of the main |Vcb| analysis.


















(excl. at CL > 0.95)















excluded area has CL > 0.95
ICHEP 16
CKM
f i t t e r
Figure 2.3: Constraints on the unitarity triangle by different measurements by CKM-
Fitter 2016 [1]
3. Exclusive Semileptonic decays of
Mesons
Decays of B mesons are instrumental in flavour physics as they can be used to
address many fundamental questions of particle physics, such as the amount of CP
violation in quark interactions, and the value of of CKM matrix elements. B mesons
are made of a b-quark and a light anti-quark (u or d) whereas a B̄ meson is made
up of charge conjugated quarks. B mesons can be produced at B factories, such as
Belle and BaBar, at centre-of-mass energies near the mass of the Υ(4S) (10.58 GeV)
resonance. B factories produce a large number of B meson pairs that are used to




• Non-leptonic decays (hadronic and radiative decay)
Here, we will focus on semileptonic B decays. While all processes depend on the
CKM matrix element in the corresponding weak decay, they vary in their theoretical
and experimental cleanliness. While leptonic decays are theoretically very clean,
they are helicity suppressed and therefore statistics limited at B-factories. Non-
leptonic decays are abundant, but the rates depend on strong interaction effects
that are difficult to theoretically predict. Semileptonic decays are abundant, and
due to the presence of only one hadronic current, they are precisely calculable.
The decay rates of b → c`ν semileptonic decays are proportional to |Vcb|2 (`
11
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denotes both electrons and muons). Two different methods have been used to ex-
tract this parameter from data: the exclusive measurement, where |Vcb| is extracted
by studying B → D∗`ν or B → D`ν decay processes; and the inclusive measure-
ment, which uses the semileptonic width of b-hadron decays (BtoX`ν). Theoretical
estimates play a crucial role in extracting |Vcb|, and an understanding of their un-
certainties is very important.
The inclusive method requires measurements of the B lifetimes and the semilep-
tonic branching fraction Br(B → Xc`ν) [13]. In this case, quark-hadron dual-
ity bridges the gap between theoretical calculations and experimental observables
[14]. The modern theoretical formulation based on the Operator Product Expan-
sion (OPE) determines the inclusive decay amplitudes in inverse powers of 1/mQ
[15]. Non-perturbative corrections to the leading term, given by the spectator decay
amplitude, arise only to order 1/m2b .
The exclusive method is obtained studying B → D∗`ν or B → D`ν decays,
shown in Figure 2.1. Heavy Quark Effective Theory (HQET), an exact theory in
the limit of infinite quark masses is used to relate the rate measurements to |Vcb|.
Currently, the B → D`ν transition provides a less precise value, due to large feed-
down background from B → D∗`ν, and is used primarily as a check. In using
HQET, we take a full theory process of interest and expand in terms of the local
operators, using the effective theory formalism. The resulting theoretical description
for a particular process of interest is expressed in terms of matrix elements of these
local operators.
3.1 Heavy Quark Effective Theory (HQET)
Heavy Quark Effective Theory (HQET), is an exact theory in the limit of infinite
quark masses. Light quarks (u, d, s) have masses that are small compared to the scale
of non-perturbative strong dynamics. In the limit mq → 0, QCD has an unbroken
SU(3)L × SU(3)R chiral symmetry, which can be used to predict the properties of
hadrons containing light quarks. For quarks with masses mQ greater than the scale
of non perturbative strong dynamics (ΛQCD [16, 17]) i.e. in themq →∞ limit, in the
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leading approximation, the heavy quark is considered as a static source of the gluon
field. In this limit, the light degrees of freedom are preserved, i.e. spin-flavour heavy
quark symmetry [18], with important implications for calculations of the transitions
of heavy quarks and to obtain relations among heavy hadron form factors. HQET
also simplifies lattice simulation and sum rules analysis of heavy hadrons.
In HQET, the heavy quark behaves like a static external source of colour charge
that transforms as a colour triplet, and the meson dynamics reduces to that of light
degrees of freedom interacting with this colour source. At leading order, the heavy
quarks interact same way within heavy mesons. This is the only effective theory
that provides a description of the transitions from the very high energy scale (100
GeV) of weak decays to the light meson energy scale of ΛQCD [16, 17]. This is
used to calculate the b→ c transition in the case of semileptonic B decays. HQET
maintains the light degree of freedom, i.e. the flavour symmetry and spin symmetry,
which helps to reduce large hadronic uncertainties that arise due to the the lack of
information we have for the QCD bound state problem. In HQET, a particular
process of interest is expressed in terms of matrix elements of operators that are
derived from an effective theory formalism. In the next section, (b → c) processes
are explained in terms of their decay amplitudes. Also, the expansion of 1/mQ is
formulated as an effective field theory which enables us to use the corrections to the
mass limit of the quark. Therefore, in semileptonic B decays (b→ c transition), the
heavy quark symmetries work effectively for the heavy B meson and the D meson
(using a 1/mQ expansion in a model independent manner) and will allow us to
determine the CKM matrix element |Vcb|. The spin-flavour symmetry is exhibited
at the leading order and is broken by terms of order (λQCD/mQ)n when n >1.
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3.2 Decay Amplitude for (b→ c) and Shape Func-
tions
The semileptonic B̄ meson decay amplitude is calculated from the matrix elements





where Lµ is the leptonic current, GF is the Fermi constant, Hµ is the hadronic
current and the µ is the Lorentz invariant index. The leptonic current gives us the
electroweak hyper charge from the lepton neutrino to the lepton (e, µ) whereas the
quark current gives us the hadronic current from the b-flavour meson to the c-flavour
meson.
Another representation for the leptonic current and the quark current is given
by Dirac spinors as:
Lµ = µ̄`γµ(1− γ5)µν , (3.2)
Hµ = c̄γµ(1− γ5)b. (3.3)
In the above equation, γµ and γ5 are Dirac matrices of dimension 4. Hµ is the
hadronic current where the quarks are confined in the hadrons and cannot be ac-
cessed separately. When momentum transfer is large compared to λQCD > 0.5 GeV,
the cross section of these strong interactions are calculated perturbatively.
The hadronic current can be given in terms of vector and axial-vector currents
as:
Hµ = 〈D|c̄γµ(1− γ5)b|B〉 = 〈D|V µ|B〉 − 〈D|Aµ|B〉 (3.4)
The matrix elements for the vector and axial vector are written in terms of certain
functions called form factors. Thus, the matrix elements for B → D∗`ν decays is
given by
〈D∗(p′)|V µ|B(p)〉 = f+(p+ p
′)µ + f−(p− p
′)µ, (3.5)
〈D∗(p′)|Aµ|B(p)〉 = 0, (3.6)
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where V µ = c̄γµb is the vector current, Aµ = c̄γµγ5b is the axial-vector current and
f±, are form factors. These form factors are calculated with HQET due to the quark






Vcb(q̄γµ(1− γ5)b) (`γµ(1− γ5)ν`). (3.7)
The CKM matrix element is directly measured from the differential decay rate,
dΓ ∝ G2F |Vcb|2|Lµ〈X|q̄γµPLb|B〉|2. (3.8)
Semileptonic B decays are comprised of leptonic and hadronic currents, however
the leptonic current and the matrix element |Vcb| factorise from the hadronic part.
The hadronic matrix element is described with form factors from QCD, which are
functions of the hadronic recoil. Along with the QCD effects, electromagnetic cor-
rections must be taken into account for the measurement of |Vcb|. In the case of
B0 → D∗−`+ν` decays, both the vector and axial-vector currents contribute. In
Equation 3.8, the transition matrix element of the weak current is integrated in
terms of a Lorentz invariant form. For the vector final state D∗ we have,










where εν is the polarisation vector of the vector meson, ηµν is the Levi-Civita tensor
and V , Ai are the traditional form factors of HQET. The determination of form
factors is important in order to calculate the decay rate and the kinematic variables.
These form factors describe the strong part of the decay, and hence the recoil of the
quarks in the D∗ meson. Therefore, if the recoil velocity of D∗ is smaller it implies
that the momentum transfer between the B andD∗ mesons is maximised. The quark
model which can be used for B0 → D∗`ν decays is called the Isgur-Wise (ISGW)
model [19]. From the B̄ → D∗`ν` semileptonic decay, q2 is not small compared with
m2c,b. However, q2 does not determine the typical momentum transfer to the light
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degrees of freedom. An approximate measure of that is the momentum transfer that
must be given to the light degrees of freedom so that they recoil with the D∗. The
light degrees of freedom in the initial and final hadrons have momentum of order
λQCD v and λQCD v
′ , respectively, since their velocity is fixed to be the same as the
heavy quark velocity. The momentum transfer for the light system is then q2light ∼
(λQCDv − λQCDv
′)2 = 2λ2QCD(1−w). Heavy quark symmetry should hold, provided
2λ2aQCD(w − 1) << m2b,c. (3.10)
The calculations performed in the ISGW quark model provide the matrix elements
of the hadronic form factors for a particular value of the recoil w i.e. w = 1 or
w = wmax. The ISGW model is based on the assumption of the non-relativistic
quark potential model. The HQET model has consistently corrected the heavy
quark limit of Quantum Field Theory (QFT). The HQET form factors are related





w + 1A1(w), (3.11)
V (w) = R1(w)
R∗2
2





w + 1A1(w), (3.13)
where R1(w) and R2(w) are the ratios of a set of form factors (hV (w), hA1(w),
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The spin-flavour symmetry of heavy quark effective theory can be used to derive
relations between the form factors hA1 , hV and hA2 . A transition to heavy quark
effective theory is possible provided the typical momentum transfer to the light
degrees of freedom is small is compared to the heavy quark masses. The heavy
meson form factors are expected to vary on the scale q2light ∼ λ2QCD, i.e. on the scale
w ∼ 1.
3.3 Parameterisation of the Form Factors
In B mesons the high mass of the b quark means that HQET [20] provides a valid
expansion for describing the approximate decoupling of the b quark from the rest
of the meson. This leads to a considerable simplification of the strong-interaction
dynamics. Semileptonic decays of b-hadrons are particularly tractable from the
theoretical point of view, since the leptonic current may be trivially separated from
the hadronic current. Exclusive processes must be described in terms of a number
of non-perturbative form factors that encapsulate the physics of the hadronisation
process. These form factors possess a well-defined normalisation at zero recoil.
In B → D∗ transitions, the form factor appearing in the hadron wave function is
proportional to a single form factor which is function of momentum transfer [20, 21].
QCD sum rules restrict the slope and magnitude of these form factors [21, 22] but
they are predominantly undetermined. In the case of B → D∗ transitions, the
combinations of form factors most easily obtained from data appear as a sum of
squares in the differential rates as the helicity amplitudes.
The B0 → D∗`ν` decay amplitude can be expressed in terms of three physically
intuitive amplitudes (H+, H− and H0), which correspond to the three allowed po-
larisation states of the D∗ (two transverse states and one longitudinal state). These
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amplitudes are related to the axial and vector form factors as follows:



















Constraints on a generic B → D∗`ν` form factor F(w) are obtained by not-
ing that the amplitude for production of B → D∗ from a virtual W boson is
determined by the analytic continuation of F(q2) from the semileptonic region
of momentum-transfer m` ≤ q2 ≤ (mB − mD∗)2 to the pair-production region
(mB + mD∗)2 ≤ (mB − mD∗)2. The dispersion relation constrains F(q2) in the
region where B and D∗ are created using perturbative QCD, and one then uses
analyticity to translate that constraint into one valid in the semileptonic region
[23]. Generating a parameterisation for a particular form factor requires three in-
gredients, the perturbative evaluation of the dispersion relations derived from the
two-point function for a (V − A) current. The computation of the functional form
of the weighting function φ and the masses of sub-threshold resonances with the
same quantum numbers as (V − A) must be extracted from experiment or poten-
tial models. The function φ depends on the form factor under consideration, while
dispersion relations depend only on the (V − A) current.
3.3.1 BGL Parameterisation of the Form Factors
The parameterisation obtained by Boyd, Grinstein and Lebed (BGL) [24] follows
from dispersion relations, analyticity, and crossing symmetry. In the case of semilep-
tonic B decays q2 ranges fromm2` to (mB−mD∗)2 but the form factors can be contin-
ued analytically in the q2 plane. They have a cut at q2 = (mB −mD∗)2 and various
poles corresponding to Bc resonances with the appropriate quantum numbers. The
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w2 − 1g(w). (3.22)






























and a is the coefficient of the expansion. The series is presumed to be truncated at
N = 2 for accurate determination of |Vcb|, beyond which experimental data cannot

















, and t± = (mB ±mD∗)2. (3.28)
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r(1 + z)]5 , (3.31)
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where χ̃T1+(0) and χT1−(0) are constants and nI represents the number of light valence
quarks also called isospin factors. The two form factors f(0) and F1(0) are related
at the point of zero recoil w = 1,
F1(0) = (mB −mD∗)f(0). (3.32)
The main advantage of the BGL parameterisation is that the parameters an of
Equation 3.23 are constrained by unitarity conditions only,
∑
i=0
(agn)2 < 1, (3.33a)
∑
i=0
[(afn)2 + (aF1)2] < 1. (3.33b)
The unitarity bounds of Equation 3.33a assume that the hadronic transition B → D∗
saturates the so called weak unitarity bounds whereas heavy quark symmetry is
used to connect the form factors and only amplitudes of fixed spin-parity enter each
dispersion relation, leading to the strong unitarity condition in Equation 3.33b.
3.3.2 CLN Parameterisation of the Form Factors
The Caprini-Lellouch-Neubert (CLN) parametrisation [25] has been used in the
literature extensively. It is based on dispersion relations and unitarity constraints.
These unitarity bounds are implemented by exploiting HQET. The form factors of
the two-meson states contributing to the two point function are related by heavy
quark symmetry and in the heavy quark limit either vanish or are proportional to the
Isgur-Wise function [19]. It also includes O(1/m) heavy quark symmetry breaking
corrections, computed with input from light-cone sum-rules [26], and leading short
distance corrections to these relations. The differential decay rate as a function of
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where F(w) is the hadronic form factor. In the heavy-quark limit, F(w) coincides
with the Isgur-Wise function, which describes the long-distance physics associated
with the light degrees of freedom in the heavy mesons [27]. This function is nor-
malised to unity at zero recoil, corresponding to w = 1. Corrections to this limit
can be calculated using HQET [28]. Hence, |Vcb| is obtained by by extrapolating
the differential decay rates to w = 1 and unitarity constraints have been applied to
establish approximate relations between the slope and the higher power coefficients
of the the form factors to reduce the uncertainty associated with these form factors.
At the point of zero recoil, the bounds on the form factors and their derivatives are
obtained. The parameterisation of these Isgur-Wise function is given by
hA1(w) = hA1(1)[1− 8ρ2z + (53ρ2 − 15)z2 − (231ρ2 − 91)z3], (3.35)
R1(w) = R1(1)− 0.12(w − 1) + 0.05(w − 1)2, (3.36)
R2(w) = R2(1) + 0.11(w − 1)− 0.06(w − 1)2, (3.37)
and ρ2 is the slope of the form factor. The important thing to remember is that
the three experimental parameters we will be measuring in this analysis are the
two helicity amplitude ratios R1(1), R2(1), and the slope ρ, which collectively are
termed as the three “form factor" parameters. This condition essentially means that
in the B0 → D∗ transition, the light quarks remain the same since the b and c quark
are heavier and thus are dominant terms in the momentum transfer q2. Hence the
product of |Vcb| and normalisation factor F(1) is extracted experimentally from the
extrapolation of data at w = 1 in the B0 rest frame. The corrections (including
electroweak corrections) applied to the Heavy Quark Symmetry (HQS) limit gives
[12]
ηEWF(1) = 0.912± 0.013, (3.38)
where ηEW is the electroweak correction [29]. The expressions given in Equations
3.35, 3.36, and 3.37 contain three free parameters ρ2, R1(1) and R2(1) which are not
determined theoretically but rather from experiment using the fit. As long as the
CLN parameterisation is used to describe the shape of a single form factor, like in
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Equation 3.35, it provides a simple and effective parameterisation, unless of course
the experimental or theoretical constraints reach the ∼ 1% precision. HQS relates
B → D∗ form factors in such a way that they are proportional to the Isgur-Wise
function or vanish (in heavy quark limit). In the CLN parameterisation the zero
recoil value of the form factor parameters are calculated using experimental data
whereas the BGL parameterisation does not utilise any assumptions from HQS. It
might be possible to implement strong unitarity bounds using lattice calculations of
different form factors, rather than HQET approximations only with the development
of lattice QCD. The CLN parameterisation, which has been an important tool for
the measurement of |Vcb| and is subject of this thesis, may no longer be adequate to
cope with the present accuracy of experiment and lattice calculations.
3.3.3 Determination of |Vcb|
The measurement of kinematic variables for the decay B0 → D∗`ν is crucial for
the accurate measurement of the CKM matrix element |Vcb|. These include three
angular variables, shown in Figure 3.1, and the hadronic recoil which is a function











Figure 2.3: [B → D∗ℓν decay geometry] Geometry of B → D∗ℓν decays.








w2 − 1(1 − 2wr + r2)×





−4sinθℓ(1 − cosθℓ)sinθV cosθV cosχH+(w)H0(w)
+4sinθℓ(1 + cosθℓ)sinθV cosθV cosχH−(w)H0(w)
−2sin2θℓsin2θV cos2χH+(w)H−(w)]
where Hi(w) are called the helicity form factors. These form factors are related to
another set of form factors, hV (w), hA1(w), hA2(w) and hA3(w), as follows.
Hi = −mB
R(1 − r2)(w + 1)
2
√
1 − 2wr + r2
hA1(w) !Hi(w) (2.19)












!H0(w) = 1 + w−11−r (1 − R2(w))
(2.20)
Figure 3.1: The definition of the angles θ`, θv and χ for the decay B0 → D∗−`+ν`.
• Recoil w: is a function of the momentum transfer q2 between B0 and D∗ and
is defined as the dot product of the four velocities, νµ = pµ/mB and ν
′µ/mD∗ ,
of the B0 and D∗ meson, respectively,





B +m2D∗ − q2
2mBmD∗
. (3.39)
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The allowed kinematic limit for w is found by setting q2 = 0, thus




At the point of maximum recoil (wmax = 1.504) and for zero recoil (w = 1)
maximum momentum is transferred i.e. D∗ is at rest in the B0 rest frame. In
the rest frame of B0 meson, the w definition reduces to the relativistic boost














• cos θ`: is defined in the rest frame of W the boson, as the angle between the
D∗ and the lepton.
• cos θv: is defined in the rest frame of D∗ meson, θv as the angle between the
D0 and the D∗.
• χ: is defined in the rest frame of the B0 meson, and is the angle between the
two planes formed by the decays of the W and the D∗ meson.
The full differential decay rate for exclusive semileptonic decays B → D∗`ν` is








w2 − 1(1− 2wr + r2)G2F |Vcb|2
×{(1− cos θ`)2 sin2 θvH2+(w) + (1 + cos θ`)2 sin2 θvH2−(w)
+4 sin2 θ` cos2 θvH20 (w)− 2 sin2 θ` sin2 θv cos 2χH+(w)H−(w)
−4 sin θ`(1− cos θ`)sinθv cos θv cosχH+(w)H0(w)
+4 sin θ`(1 + cos θ`) sin θv cos θv cosχH−(w)H0(w)}. (3.42)
The helicity amplitudes (H±,H0) are defined in terms of ratios of form factors as
[30]
Hi(w) = mB
R∗(1− r2)(w + 1)
2
√
1− 2wr + r2
hA1(w)|H̃i(w)|, (3.43)
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where i = +, -, 0 and H̃±(w) and H̃evince0(w) are defined as
H̃±(w) =
√




(1− r) , (3.44)
H̃0(w) = 1 +
(w − 1)(1−R2(w))
(1− r) . (3.45)
The four dimensional decay distribution in Equation 3.34, is integrated over
three variables leaving any one of the four (w, cos θ`, cos θv, χ) and we get four one
dimensional decay distributions. H0(w) dominates at the point of zero recoil w = 1
while c quark inherits the helicity of the b quark upon decay, H−(w) dominates
for the (V-A) interaction. A nearly stationary decay D∗ is unpolarised and thus
is a combination of all three states equally, as the velocity of the ejected c quark
becomes higher and the c quark approaches more closely a massless state, it becomes
preferentially left-handed, and combining its helicity of−1/2 with the light spectator
d quark leads to a helicity of 0 or −1 for the resultant D∗. The light spectator quark
has an equal probability of being helicity 1/2 or −1/2. When w approaches the
maximum value, the negatively charged lepton and its corresponding anti-neutrino
combine to form a zero helicity state forcing D∗ into zero helicity projection which








Figure 3.3: Configuration at maximum recoil wmax = 1.504.
The helicity functions defined in the BGL and CLN paramterisations are plotted
using the values from Ref. [2] are given in Table 3.1.
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3.4 Review of measurements of |Vcb| with B →
D∗`ν decays
The measurement of |Vcb| in semileptonic B decays has primarily been performed at
electron-positron collider experiments, namely CLEO, DELPHI and more recently
BaBar and Belle. These experiments are considered to be the most suited to the
study of semileptonic B decays as the four-momentum of the initial state is well
known. CLEO and Belle calculated |Vcb| using the decay width of both neutral and
charged B mesons where the signal yield is calculated from the variable cos θB,D∗`
which determines the B direction. BaBar calculated the signal yields from the
fit to the missing mass squared (M2miss) in the tagged measurement of B → D.
The decay width was calculated as function of w. DELPHI used B0 → D∗−`+ν`
decays to calculate |Vcb| and ρ2 from the decay width as a function of q2 [31]. The
measurements by the CLEO and the DELPHI experiments as well as the first B-
factory analyses of B → D∗`ν decays determined |Vcb| and the form factor parameter
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Figure 3.4: Helicity functions H0(w) (top left), H+(w) (top right), and H−(w)
(bottom), using parameter values reported in Ref [2].
ρ2 by measuring the differential decay rate as a function of w only. BABAR and
later Belle made the measurement of |Vcb| and the CLN form factor parameters (ρ2,
R1(1) and R2(1)) using exclusive B0 → D∗−`+ν` decays using differential decay
rates as a function of all four variables (w, cos θ`, cos θv, χ). Table 3.2 shows the
value of ηEWF(1)|Vcb| measured from different experiments where ηEW is the small
electroweak correction and F(1) is the form factor normalisation at zero recoil.
3.5 Inclusive-exclusive tension
Despite the good agreement among B → D∗`ν results for |Vcb|, there is a persistent tension
between these results and those for inclusive determinations. Table 3.4 summarises the
recent results for Belle, and the world averages for |Vcb| in inclusive, B → X`ν and exclusive
B → D`ν and B → D∗`ν determinations. The inclusive determinations are approximately
10% larger, with a significance of more than 3σ. Several solutions to this puzzle have been
put forward: new right handed currents that primarily affect the acceptance of B → D∗`ν,
possible problems in the form factor normalisation input from LQCD, possible problems
in the use of the CLN parameterisation, or possibly a problem in the inclusive approaches.
In this thesis we thoroughly test the use of different form factor paramterisations, and
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Table 3.2: Summary of measurements of F (1)|Vcb|ηEW in the CLN scheme.
Experiment (Year) L [fb−1] ηEWF(1)|Vcb| ×10−3 ρ2 (rescaled)
CLEO (2002) [32] 3.1 39.94 ± 1.23 ± 1.62 1.367 ± 0.085 ± 0.086
DELPHI excl. (2004)
[33]
3.5 36.10 ± 1.70 ± 1.97 1.081 ± 0.142 ± 0.152
BABAR excl. (2008)
[34]
79 33.94 ± 0.30 ± 0.99 1.185 ± 0.048 ± 0.029
BABAR D∗0 (2008)
[35]
225 35.22 ± 0.59 ± 1.33 1.128 ± 0.058 ± 0.055
BABAR global fit
(2008) [36]
207 35.76 ± 0.20 ± 1.10 1.193 ± 0.020 ± 0.061
Belle (2010) [37] 711 34.60 ± 0.17 ± 1.02 1.212 ± 0.034 ± 0.009
Belle tag. (2016) [38] 711 35.75 ± 0.17 ± 1.01 1.03 ± 0.13
HFLAV average - 35.61± 0.11± 0.41 1.205± 0.015± 0.021
Table 3.3: Summary of measurements of B(B0 → D∗−`+ν`).
Experiment (Year) L [fb−1] B.F(B0 → D∗−`+ν`)%
CLEO (2002) [32] 3.1 5.62 ± 0.18 ± 0.26
DELPHI excl. (2004) [33] 3.5 5.35 ± 0.20 ± 0.37
BABAR excl. (2008) [34] 79 4.54 ± 0.04 ± 0.25
BABAR global fit (2008) [36] 207 4.95 ± 0.02 ± 0.20
Belle (2010) [37] 711 4.56 ± 0.03 ± 0.26
Belle tag. (2016) [38] 711 4.95 ± 0.11 ± 0.21
HFLAV average - 4.88± 0.01± 0.10
investigate the impact of new right handed currents on the kinematics of the decay.
The aims of this analysis are to measure |Vcb|, B → D∗ transition hadronic form factor
parameters, and perform a fundamental test of lepton flavour universality. The study
must take into account various modelling effects such as qq̄ continuum, B and fake lepton
background contributions, the effects of final state radiation on electrons, and the effect
of the finite mass of muons.
In this thesis, two separate form factor parameterisations have been compared in the
extraction of |Vcb| for the first time in a direct analysis of experiment data. One is the
typical model dependent CLN approach used by all experiments for the past 20 years,
while the other is a model independent approach that requires large data set for fit con-
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Table 3.4: Summary of |Vcb| measurements with inclusive and exclusive approaches




Inclusive kinetic scheme HFLAV 42.19± 0.78
Inclusive 1S scheme HFLAV 42.39± 0.52
Exclusive B → D`ν CLN Belle 39.85± 1.33
Exclusive B → D`ν CLN HFLAV 39.44± 1.01
Exclusive B → D`ν BGL Belle 40.83± 1.13
Exclusive B → D∗`ν CLN Belle 37.95± 1.34
Exclusive B → D∗`ν CLN HFLAV 39.04± 0.85
version. The comparison of these approaches in a single analysis is a crucial aspect to the
interpretation and measurement of |Vcb|.
The reconstruction efficiency of the analysis is approximately 10% higher than the
earlier published untagged Belle analysis, owing to improved track finding algorithms for
the 4-layer SVD2 data. In particular the efficiency of D∗ slow pions was enhanced, which
have a mean momentum of approximately 100 MeV/c in the laboratory frame.
A novel approach to continuum modelling was introduced, to correct off-resonance
data for finite effects of translating the 60 MeV/c shift in centre of mass energies using
MC simulation.
A new, more precise approach to the evaluation of fake lepton background rate de-
termination was employed. This is particularly important in the evaluation of the LFUV
test. The fake rates were are calculated based on a D∗ tagged sample of D0 → Kπ events.
The effect of finite mass of muon is taking into account by applying a bound on the
w distribution. The effects of final state and Bremsstrahlung radiation were taken into
account during analysis by searching for nearby electrons. These effects can modify the
lepton momentum spectra and hence potentially bias measurements if not carefully taken
into account.
Finally, lepton flavour violation universality is tested to unprecedented levels in a B-
decay. All previous published analyses of this channel did not present a ratio measurement,
making this an important new constraint on physics beyond the standard model.
4. New Physics in B → D∗`ν`
The tension between inclusive and exclusive determinations of |Vcb| indicate the possibility
of new physics contributions [39]. This includes the possibility right handed currents, or
new currents from scalar or tensor particles mediating the decay. There may even be the
possibility of lepton flavour universality (LFU) violating effects.
In this chapter, we will briefly discuss the scenarios of presence of new physics in
semileptonic B decays.
4.1 Chirality and V-A Interactions
For an interaction corresponding to the exchange of a spin-1 particle, the most general
form of an interaction vertex is a linear combination of vector and axial-vector. Parity is
not conserved under electroweak interactions, so in electroweak decays the W± couples
to the weak current which has both vector and axial vector components. An axial-vector
is a quantity whose direction is unchanged under parity. This is a spin dependent inter-
action called a (V-A) interaction. In the relativistic limit, only the LH fermions and RH
anti-fermions are emitted in charged current interactions which are the chiral states of
electroweak interaction and these chiral states make the helicity states. For a fermion of
mass m and energy E, these helicity states are suppressed by a factor of order of (mc/c2)2.
Having a massless fermion, a certain left handed or right handed helicity state is achieved
















(ψL + ψR) = ψL,
(4.1)
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where ψL and ψR are positive and negative chirality states for ψ being a solution of the
Dirac equation and PR,L are operators that project out states of particular helicity from
two component spinors. The (V-A) theory was postulated keeping in view the fact that
for massless fermions H = −1.
4.2 Right Handed Currents and other New Physics
in Semileptonic Decays
In the B → D∗ transition, the hadronic current is a left handed (V −A) interaction where
both vector and axial vector currents contribute to the decay. The tension between the
exclusive and inclusive determinations of |Vcb| could be explained by the presence of an
interfering right handed current (V +A) contributions. Such right handed currents would
effect the inclusive and exclusive measurement of |Vcb| differently, and modify both the
rate and the decay kinematics.
In order to accommodate parity violation observed in the weak force, the left and right-
handed fermions are assigned to different representations of SU(2)L × U(1)Y , with the
right-handed fields being singlets of SU(2). Extending the gauge structure of SM involves
an additional U(1) gauge symmetry (e.g. a Z ′). One of the next simplest extensions
involves an additional RH SU(2): SU(2)L × SU(2)R × U(1)B−L. According to SM, the
quark level semileptonic B decay is described by the four-Fermi interaction of charged




































where GF is the Fermi constant, PL,R = 1∓γ52 are the propagators of the positive and
negative chirality states with the assumption that the neutrinos are left chiral and VL,R
SL,R,TL are vector, scalar and tensor couplings. This effective Hamiltonian is consistent
with the SM form if VL = VR = SL = SR = TL = TR = 0. The vector and axial
vector couplings are written in terms of a left and a right handed contribution by setting
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gS c̄b+ gP c̄γ5b
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In the presence of new types of charged current interactions such as a charged Higgs or a
W ′ gauge boson, the scalar and pseudoscalar terms would respectively be non-zero [41].
Right handed charged currents were first studied in the context of left right symmetry
models by having an additional SU(2)R symmetry between right handed doublets. This
implies the existence of a SM like W -boson which has dominant left handed component
with a small admixture of WR appearing as W
′
, Z
′ [42]. The left handed current con-
tribution in the process involving axial-vector and vector current (B → D`ν) is written
as,
|V Lcb | = |Vcb|+ |V Rcb |, (4.4)
while for the decays involving only the vector current (B → D∗`ν), the right handed
contribution is written as,
|V Lcb | = |Vcb| − |V Rcb |. (4.5)
While a right handed current solution to the |Vcb| tension is appealing, it has been dis-
favoured by other analyses based on total rates alone [39]. Typically those analyses did
not take into account the effects of different acceptance in the presence of new physics.
4.3 Scalar and Tensor Operators
The differential decay distribution contain information about possible scalar contribution.
These contributions come from the lepton-mass-suppressed terms in the decay width of
inclusive and exclusive decays. These mass suppressed terms implies that there is no
qualitative difference between operators having ` = e, µ, τ . In B → D∗`ν decay, tensor
operators apply more precise constraints on the measurement. The point of maximum
recoil (w = 1), in the case of B → D∗`ν decay has longitudinal D∗ meson which is not
possible in the case of a tensor operator. Therefore the momentum transfer observable is
very sensitive to the tensor operator near the point of maximum recoil (w = wmax).
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4.4 Lepton Flavour Universality Violation (LFUV)
In the SM, it is predicted that the coupling of the electroweak W boson is independent of
the lepton flavour. This referred to as lepton flavour universality (LFU).Two examples of
such ratios are the τ to light lepton ratio, and the µ to e atio, define as
R(D∗)`,τ =








Recent observed tensions with the SM expectation in the measurement of b → cτν and
b → s`` transitions motivates the study of electron and muon universality in b → c`ν
decays and is an important measurement. Although many experimental measurements
assume LFU holds true, there are certain theoretical models that predict violation of
LFU, such as those with a charged Higgs boson.
In this thesis, precise measurements of rates, decay kinematics differentials, and lepton
flavour universality.
5. The Belle Experiment
The Belle experiment is a B meson factory and is designed to investigate CP violation,
perform precision measurements of CKM matrix elements and study rare decays. These
studies require large data samples of B mesons. Thus, the accelerator and detector setup
of the Belle experiment enables us to analyse more than 772 million BB̄ pairs via Υ(4S)
decays [43]. The Belle experiment is located in Tsukuba, Japan and is managed by the
High Energy Accelerator Research Organisation known as KEK. It is operated by the
collaboration of 18 countries and more than 60 institutions from all over the world. It
became operational in 1999 when the Belle detector was able to start taking data, and







Figure 5.1: B-meson production in e+e− collisions at the Υ(4S) resonance.
5.1 KEK-B Accelerator
KEK-B is a circular electron-positron collider with beam energies of 8 GeV for the electron,
High Energy Ring (HER) and 3.5 GeV for the positron, Low Energy Ring (LER). The
total center-of-mass energy is 10.58 GeV [44]. The decay diagram is shown in Figure 5.1




EHERELER ≈ 10.58 GeV, (5.1)
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Figure 4.1: The KEK-B accelerator [63].
4.2 The Belle Detector
The Belle detector, alongside with the BABAR experiment, led to outstanding observations and
discoveries, such as the first observation of CP violation in the B system and the discovery of
the neutral and charged tetraquark states X(3872) and Z(4430). The detector is an arrangement
of concentric sub-detector layers surrounding the interaction point of KEK-B covering a total
of 92 % of the solid angle in the laboratory frame. The sub-detectors are designed for a precise
reconstruction of decay vertexes, and charged and neutral particles. A solenoid magnet provides
the necessary magnetic field for the distinction of positive and negatively charged particles and
the measurement of their momentum. Figure 4.2 shows the configuration and components of the
detector. The direction of the HER defines the direction of the z axis in the cylindrical coordinate
system (⇢, ✓, z) used at Belle, with origin at the IP. The polar angle ✓ is measured with respect to
z. A detailed description of the detector can be found elsewhere [64], here a short overview is
presented.
4.2.1 Beam Pipe
The beam pipe surrounding the IP is the first piece of material all particles traverse before reaching
the detector. To minimize the impact of the beam-pipe on the trajectories of the particles, it must
be as thin as possible and made of a material with low atomic number. It is also important that its
diameter is as small as possible since vertexing performance is reduced with increasing distance
of the vertex detector from the IP.
The beam pipe was chosen to be constructed of beryllium, consisting of a dual layer cylinder
30
Figure 5.2: The KEKB Collider Rings, and th interaction point where the Belle
experiment is located [3].
This is the rest mass of Υ(4S) which decays to BB̄ pairs as shown in Figure 5.1. These
beam energies are accelerated in the HE and LER each of length 3 km. The electron and
positron beams are not of equal energy, which al ows the production of booste B mesons.
This energy asymmetry lets the time dependent features of B meson decays to be studied
with high precision. This includes CP violation. BB̄ pairs produced by the asymmetric






where E− is the electron energy and E+ is the positron e ergy. The collision happens
at the Interaction Point (IP) where the particles in both the rings collide simultane usly
with a crossing angle of 2 mrad. The total design luminosity was 1.0 × 1034 cm−2 s−1
while the maximum reached was two times that figure. The design beam currents are
2.6 A for LER and 1.1 A for HER. The electrons and positrons interact with each other
through various processes at t e IP. The rate at which the electrons and positrons collide
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is defined as the product of luminosity and the total interaction cross section,
R = Lσe+e− , (5.3)
where σe+e− is the cross section is measured in units of cm2 and luminosity is measured in
units of cm−2c−1. The center-of-mass energy is designed to produce the Υ(4S) resonance
(the excited state of BB̄), where the cross section for Υ(4S) is given by,
σ(e+e− → Υ(4S)) = 1.1 nb. (5.4)
here nb means nano barn (barn is the standard unit for measurement for cross section and
is defined as b = 10−24cm2). The time integrated luminosity achieved by Belle is 711 fb−1
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Figure 4-1. The KEKB storage rings, LER and HER, with the IP located in Tsukuba Hall.
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Figure 4-2. Cross section of Υ production in e+e− collisions.
ILIJA BIZJAK
Figure 5.3: Cross-section of production in e+e− collisions.
Quarkonia resonances with a mass lower than that of the Υ(4S) are also recorded as
shown in Figure. 5.3. This is important because data samples taken at different center-
of-mass energies are used for energy scan so that the data is taken at the most efficient
energy for Υ(4S). Therefore, additionally ≈ 90 fb−1 of "off-resonance" data recorded at
√
s = 10.52 GeV to study non-BB backgrounds. This consists mainly of events where
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light quarks are produced (q = u, d, s, c) to understand e+e− → qq̄ continuum events.
This continuum analysis is very important for the decays in which continuum is a large
background. Υ(5S) decays are also important for example to study Bs decays. In such
events, the energy asymmetry is kept constant at Bγ = 0.425.
5.2 Belle Detector
The Belle detector, is a particle spectrometer surrounding the interaction point (IP).
It is configured in a magnetic field of 1.5 T. and covers the interaction region of the
KEKB beams. The detector consists of following sub detectors: Silicon Vertex Detector
(SVD), Central Drift Chamber (CDC), Aerogel Čherenkov Counters (ACC), Time of Flight
(TOF), Electromagnetic Calorimeter (ECL), KL and µ detector (KLM) [4]. A schematic
of the Belle detector is shown in Figure.5.4.
Figure 5.4: The Belle Detector Schematic [4].
Before discussing the sub-detectors, it is important to understand the coordinate sys-
tem of the Belle detector. The origin coordinates of the system are defined by the location
of the IP. The z-axis is defined to be along the axis of the magnetic field within the solenoid,
the x-axis is the horizontal axis and the y-axis is the perpendicular axis in a right-handed
coordinate system. The polar angle θ is measured relative to the positive z-axis whereas
the azimuthal angle φ is defined with respect to positive x-axis in the x-y plane. The
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radius in the cylindrical coordinate system is then defined as r =
√
x2 + y2. The polar
angle θ covers the range θ ∈ (17◦, 150◦) for the detector.
5.2.1 Interaction Region
The interaction region is the region inside the accelerator vacuum where the two beam
pipes of the HER and the LER merges into one pipe. The precise information of the decay
vertices is very important. There are two challenges at the IP: the large beam background
due to Coulomb scattering and the heat produced by the beam pipes. Although it is best
to put the SVD as close to the IP as possible, it is not quite accomplished due to the
construction of a double wall beryllium pipe for minimising beam background. This is a
0.5 mm wall which is mounted on the aluminium pipes which results in the extension of
the IP from z = 4.6 cm to z = 10.1 cm, having a radius of r = 2.5 mm. The gap induced
in the pipes is filled with Helium gas which is constantly flowing through the gap. This
wall not only reduces the Coulomb scattering background but also provides cooling to the
beam pipes. Several additional horizontal covers have been installed to protect the IP
from beam background.
5.2.2 Silicon Vertex Detector (SVD)
The SVD is the inner most detector and consists of a Double Sided Silicon Detector
(DSSD) [46]. The DSSD has 1280 silicon strips on each side to detect particles passing
through it by measuring the charges collected on the strips. The DSSD covers a solid
angle of 17◦ < θ < 140◦. The three layers are the inner, middle and outer layer with 8,
10 and 14 ladders, respectively. Some internal alignment among the sensors is done using
these ladders in the r − φ plane. The signals coming from each layer of the DSSD are
read out by circuits which are mounted on the ceramic hybrids. These circuits are VA1
front end integrated circuits with high performance (200e−+ 8e−/pF ) and good radiation
tolerance (200 kRad). The DSSD is based on a pn junction, and to reach full depletion
it works reverse biased. When a charged particle passes through the junction, electrons
from the valence band move into the conduction band which creates an electron-hole pair.
The purpose of these electron-hole pairs is to start the flow of current in p+ and n+ strips,
which are located on the opposite sides of the DSSD.
At the time of installation of the Belle detector (1998), the SVD consisted of a 3 layered
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90◦
c
θ ∈ (23◦, 139◦)
θ ∈ (17◦, 150◦)
Figure 5.5: Silicon vertex detector, side view of SVD2 [5].
DSSD with an acceptance region of θ ∈ (23◦, 139◦), but after an upgrade in 2003 the three
layered DSSD was replaced by a four layered DSSD. The installation of the fourth layer
increased the polar angle coverage to θ ∈ (17◦, 150◦). This new configuration is refferred
as SVD2. and the former as SVD1. The upgrade also increased the radiation tolerance
and the spatial resolution was highly improved.
The purpose the SVD serves is to identify the decay vertices of the B mesons which is
important for the study of CP violation since we need to know the difference between life
times of each B mesons. This is achieved by measuring the distance between the decay
vertex of the B meson pair in the z-direction. We can measure this distance as precisely
as ∼100 µm, which is shorter than the average flight distance of B mesons is 200 µm at
Belle. Apart from vertex measurement, the SVD gives information for racking of charged
particles. The performance of SVD1 and SVD2 is summarised in Table 4.1 and Figure 5.5.
Parameters such as the signal-to-noise ratio, impact parameter resolution and efficiency
are shown. The resolution for the impact parameters dz and dρ was obtained from cosmic
rays measured during the collision data taking.
5.2.3 Central Drift Chamber (CDC)
Accurate momentum information for charged tracks is crucial. Charged particles are iden-
tified by the precise measurement of their momentum and by reconstructing the tracks of
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Table 5.1: Comparison between characteristics of two SVD configurations.
Variables SVD1 SVD2
Signal-to-noise ratio S/N >17 >16
Mean occupancy in layer 1 (%) ∼ 6 ∼ 10
Matching efficiency (%) 98 98
Impact parameter resolution for dz (p = 1 GeV/c, θ = 90◦) 61 µm 42 µm





























Figure 4-7. The Central Drift Chamber.





(0.20pT )2 + (0.29/β)2 %, (4.5)
where pT is in units of GeV/c and β is the particle velocity divided by the speed of light.
Particle energy loss in the drift cell due to ionization, dE/dx, is determined from the hit amplitude recorded on the
sense wire. Since the energy loss depends on the particle velocity at a given momentum, dE/dx distributions differs
for different particle masses, as shown in figure 4-8. The ionization energy loss is measured for each CDC hit and
measurements along the trajectory are combined to calculate the truncated mean, ⟨dE/dx⟩, of the track.
The ⟨dE/dx⟩ resolution, measured on a sample of pions fromKS decays, is 7.8%. The CDC can be used to distinguish
pions from kaons of momenta up to 0.8 GeV/c with a 3σ separation. A detailed description of CDC is presented in
Ref. [42].
4.2.4 Aerogel Čerenkov Counter (ACC)
The silica Aerogel Čerenkov Counter (ACC) plays a crucial role in discriminating charged pions from kaons. When a
particle travels faster than the speed of light in that medium, it will emit Čerenkov light. The light emitted appears in
the form of a coherent wavefront at a fixed angle with respect to the trajectory.
To emit Čerenkov light, the particle velocity has to be greater than the threshold value:





Figure 5.6: Schematic of the central drift chamber in side (left) and frontal (right)
projections [6].
charged particles. Outside the SVD, a drift chamber is installed in the Belle detector. The
CDC is operated in such a way that it reconstructs the trajectories of the charged particles
on the principle of i nisation of the gas when parti l s passing through the material inside
the detector. The energy loss, dE/dx, information from the particle during the ionisation
process is used for particle identification and in trigger system. The momentum resolution
for high momentum charged particles in the region (17◦ 6 θ 6 150◦) is approximately
σ|pt| ∼ 0.005
√
1 + |pt|, (5.6)
where, pt is the transverse momentum of the charged track. The CDC consists of 52
cylindrical layers, each of which is arranged in 13 stereo and axial super-layers between 8.5
cm and 90 cm in radius. 8400 drift cells have been installed in the Belle CDC. The cathode
strips are used to obtain very efficient z-trigger information in the chamber layers. Three
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layers are used for each stereo super layers and four layers for the three outermost stereo
super-layers. Stereo angles in each stereo super layer are determined by maximising the
z-measurement capability while keeping the gain variations along the wire below 10%. The
ionized particles are accelerated until they reach a optimal velocity where energy gained
from the electric field equals the average energy loss due to interaction with surrounding
gas. This leads us to a simple relation between the time taken by the particle to reach the
cathode plate and the velocity of the charged particle. Hence, the position of creation of
the particle is determined accurately. The trajectory of the charged particle is measured
by taking several measurements of the location of the incident particle. Since the magnet
provides a homogeneous field, the track will follow a helical shape and its curvature will
be inversely proportional to the momentum of the particle. Another important feature
of the CDC is its asymmetric construction. This is done to account for the non-zero
momentum in the center-of-mass frame in the z direction, resulting from the asymmetric
beam energies at KEKB.
Like in the SVD, the CDC also suffers from beam background. Minimising the
Coulomb scattering effect in the CDC is also very important. In order to reduce this
effect, low Z gas is used and hence, the momentum resolution is improved.
5.2.4 Aerogel Čerenknov Counter (ACC)
The identification of kaons and pions is very important at Belle. The ACC plays a vital
role in the identification of charged kaons and pions. Located outside CDC, Čherenknov
counters have been installed at Belle. Čherenknov radiation is emitted when a particle
is travelling faster than the speed of light in a medium and is emitted at a fixed angle
with respect to its direction of travel. The particle must achieve a threshold velocity in a
medium of refractive index n,
v > vmin = 1/n. (5.7)
Two charged particles are identified by emission of different types of Čherenknov radiation
even when their momentum is same. From this, we know that the particle masses and the
velocity with which they travel are different. Given that pions and kaons have different
masses, for a certain refractive index of the material and particles of the same momentum,
pions emit light while kaons do not. Particle identification is then extended beyond the
measurement of dE/dx by the CDC. Additionally, the particles energy remains unaffected
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b) Endcap ACC Module
Figure 4-10. Schematic drawing of a typical ACC counter module: (a) barrel and (b) endcap ACC.
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Figure 5.7: The configuration of the ACC. [7].
by the Čerenknov radiation, and minimally affected by the ACC material.
In terms of construction, there are two regions of the ACC, the barrel and the forward
endcap. The barrel consists of 960 counters, segmented into 60 cells in the φ direction,
and the forward end cap consists of 228 counters, arranged into 5 concentric layers. The
refractive index is chosen on the basis of the polar angle and hence the K/π discrimination
is performed by the choice of specific medium of suitable refractive indices. These refractive
indices cover the range of momenta, n = 1.01 to 1.03. Two mesh type photo-multiplier
tubes (FM-PMT) are used to distinguish the Čerenknov light. Like the CDC, the ACC
is also under the influence of a strong magnetic field which affects the counting of the
Čerenknov photons, but the FM-PMTs, maintain the accurate counting of the Čerenknov
photons. These FM-PMTs are calibrated by µ-pairs for various pulse heights. A total of
10 to 20 photo electrons are detected in the barrel ACC, whereas 25 to 30 are detected in
the forward endcap ACC. The polar angle coverage of the ACC is 17◦ < θ < 140◦. Hence,
the ACC provides good separation between kaons and pions with a kaon efficiency more
than 80% and a pion fake rate (i.e. a pion misidentified as a kaon) of less than 10%.
5.2.5 Time of Flight Counter (TOF)
Charged particles in the momentum range of 0.8 GeV/c to 1.2 GeV/c are identified using
the TOF. It gives precise measurements of timing for the incident particles by using plastic
scintillation counters, which have time resolution of 100 ps for 1.2 m flight path (particles
originating at the IP passing through the scintillator). Particles produced by an Υ(4S)
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have momenta below 1.2 GeV/c and comprise 90% of the particles produced at Belle.
In terms of construction, the TOF consists of 64 modules which are concentrically
arranged around the z-axis at a radius of 1.2 m. Each module is made up of two types of
counters which are separated by a radial distance of 1.5 cm: TOF counters and one Trigger
Scintillation Counter (TSC). These cover a radial angle of 34◦ < θ < 120◦. Scintillation
light coming from the TSC is collected by the FM-PMTs where the PMTs are used to
optimise gain in the magnetic field. Another FM-PMT is used by the TOF counter for
triggering purposes [47]. For a given path length (L), the mass of the detected hadron can
be calculated from the time needed to reach the TOF using the equation,
mass2 = ( 1
β2







where P is the momentum of the particle determined from CDC track fit and T is the
time walk corrected observed time. Figure.5.8 shows the distribution of the mass for the
detected tracks where the peaks in the figure corresponds to pion, kaons and protons.
σ(ToF) vs. Zhit














The weighted average of both ends
Mass (GeV)
Figure 5.8: Calculated mass for detected tracks using TOF timing information for
particle of momentum < 1.2 GeV/c. The points are taken from data and the coloured
histogram is from MC.
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K/π Separation vs. Momentum
















(a)K/π separation performance of the TOF as a function of mo-
mentum (µπ and µK are pion and kaon hypothesis probabilities,
respectively).
(b) Mass distribution from TOF measurements for particle mo-
menta below 1.2GeV/c, Obtained from the CDC momentum
measurement and the velocity measurement by TOF.
Figure 4-13. Time of Flight counter particle identifi cation performance.
Figure 4-14. The confi guration of Electromagnetic Calorimeter, with annular-shaped forward and backward endcaps.
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Figure 5.9: ECL Configuration [4].
5.2.6 Electromagnetic Calorimeter (ECL)
The ECL absorbs the energy of traversing particles such that the total energy can be
measured for electromagnetic interaction and electrons can be separated from hadrons
using electromagnetic shower E/p. The main purpose of the ECL is to measure the
energy of the electrons and photons produced in collisions. The ECL plays a vital role
in electron identification. The high energy photons and electrons that enter the ECL
interact with its material and produce radiation via bremsstrahlung and electron-positron
pair production phenomenon. The neutral pion decays to two photons (π0 → γγ) with
energy as high as 4 MeV/c2, so good resolution is required to minimise background. It is
important to separate the photons produced by these processes and hence, to determine
of opening angle between final state photons.
In terms of construction, the ECL consists of a 3.0 m barrel, with an inner radius
of 1.25 cm, a forward endcap at z = +2.0 m and a backward endcap at z = −1.0 m,
with polar angle coverage of 32.2◦ 6 θ 6 128.7◦, 12.0◦ 6 θ 6 31.4◦ and 130.7◦ 6 θ 6
155.7◦, respectively. It consists of 8736 highly segmented Thallium doped Caesium Iodide
(Csl(TI)) scintillator crystals. Thallium is used because it has an ability to shift the crystal
excitation light into visible light which is then detected by a pair of photodiodes placed at
the back end of each crystal. The crystals used in the barrel and the endcaps vary in size
with measurements of 55× 55 (front), 65× 65 (back) for barrel while the forward endcap
and backward endcap measurements vary from 44.5 mm to 70.8 mm and from 54 mm to
82 mm respectively and weighs 43 tons. In addition to particle identification, the ECL
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provides information for luminosity measurement.
5.2.7 KL and µ Detector (KLM)
This sub detector is the outermost part of the Belle detector. As is evident from its name,
it assists with particle identification of KL mesons and muons since both particles are
the long lived and highly penetrating. It can identify muons and KL mesons that have
momenta greater than 600 MeV/c. These particles are very stable and they typically
don’t decay inside the interior detector layers. The barrel covers an angular region of
45◦ < θ < 125◦ and the end cap covers 22◦ < θ < 150◦.
In terms of construction, it consists of double-gap resistive plate counters (RPC) and
4.7 cm thick iron plates. There are 15 detector layers and 14 iron layers in the octagonal
barrel region and 14 detector layers in each of the two end caps. These iron plates provide
3.9 radiation length of material. The KL particles interact with these iron plates and
produce hadrons which help determine the direction of travel. The range and direction
of non-showering charged particles are used to differentiate muons from charged kaons
and pions. The double-gap produces an efficiency in the super-layer of more than 98%,
which is greater than the case with a single RPC layer. The angular resolution from the
interaction point is better than 10 mrad. For muons with a momentum greater than 1.5
GeV/c, the muon identification efficiency is greater than 90% with a misidentification rate
of less than 5%.
5.2.8 Solenoid Magnet
The solenoid at Belle provides a magnetic field of 1.5 T which covers a cylindrical volume
of diameter 3.4 m and 4.4 m of length. This magnet covers all the sub-detectors except for
the KLM. A strong magnetic field bends charged tracks and allows for the measurement
of their momenta and to distinguish their charges.
5.3 Offline Reconstruction/Monte Carlo (MC)
Analysis of data requires a detailed understanding of detector effects, possible background
components and the interpretation of results. A large sample of Monte Carlo (MC) sim-
ulation is used, (usually corresponding to several times the amount of data collected). In























Figure 5.10: Muon identification efficiency versus momentum in the KLM detector
[4]
these simulations the theoretical understanding of physical processes in observed decays
and our knowledge of detector effects is incorporated. Two levels of MC production are
present: one focused on the physics of decays (generation) and the other on simulation
of the interaction of particles with the detector (simulation). Events with a BB̄ pair are
generated using EvtGen [48]. For the continuum e+e− → qq̄ (q = u, d, s, c) events, the
initial quark pair is hadronised by PYTHIA, and hadron decays are modelled by EvtGen.
The final-state radiation from charged particles is added using PHOTOS [49]. Detector
responses are simulated with GEANT3 [50].
5.4 Charged/Neutral Particle Reconstruction
5.4.1 Particle Identification (PID)
The PID is performed using the information received from several sub detectors including:
SVD, CDC, TOF, ECL and KLM. The dE/dx information is provided by the CDC where
as the TOF measures the time taken by the charged particle from IP to the TOF which
gives the velocity of the particle.
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5.4.1.1 Electron Identification
Electrons are identified using information received from the ECL, ACC and CDC. The
ECL provides electromagnetic shower shape information as electrons lose all the energy
in the ECL (contrary to other charged particles as kaons and pions) so the E/p ratio for
electron is approximately 1 for the high momentum electrons. Hence the electrons are
easily identified as compared to heavier charged particles particularly hadrons. For low
momentum tracks the E/p value is smaller than 1 which makes the distribution appear
similar to that of other particles. Another variable which is helpful in identification of
electrons is E9/E25: the ratio of energy deposited in a 3 × 3 square of CsI crystals to
energy deposited in a 5 × 5 square and is close to 1 for electrons. The CDC and the
ACC provide energy deposition information (dE/dx) and velocity difference. At Belle,
the threshold momentum required for charged track reconstruction is 50 MeV/c whereas
Čherenknov radiation is emitted from electrons of momenta > 4 MeV/c. The electron








where the index i runs over all variables used for the identification of electrons. Figure
5.11 shows the efficiency for electron identification based on measurements of radiative
Bhabha events. Hadron fake rates are near 0.2%.
5.4.1.2 Muon Identification
Charged tracks are identified as muons by using information received in the KLM from
the CDC and the SVD. The muon tracks are extrapolated to the muon detector which
are originate from the CDC with associated hits found within 25 cm of the extrapolated
track. Muon identification is performed using two variables:
(1) ∆R: the difference between the measured and expected range of the tracks
(2) χ2r : the normalised transverse deviations of all hits associated with the track
Muons are then selected from the probability ratio using:
Prob(µ) = pµpµ + pπ + pK
, (5.10)
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3.3.2 Results
Figure 1 (resp. 2) shows the data and MC electron (resp. muon) iden-
tification efficiencies for Pe > 0.5 (resp. Lµ > 0.1) as a function of the
momentum in the laboratory frame in the barrel region (60◦ < θ < 125◦ for
the electrons, 51◦ < θ < 117◦ for the muons). Plots for the other θ regions
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Figure 1: Electron identification efficiency for data (left) and MC (right),
in 60◦ < θ < 125◦ region (barrel), for Pe > 0.5. Top and bottom plots
correspond to SVD1 and SVD2 respectively.
The efficiency strongly depends on the momentum. We observe an in-
creasing efficiency (ε) as a function of p up to a plato starting at 1.5 GeV/c
for the electrons (1.0 GeV/c for the muons). The plato efficiency in the barrel
is around 95% for both the electrons and muons, in the SVD1/SVD2 data
or MC sets of events.
The efficiency also depends on θ, as we can see on figures in the appendix.
A high discrepancy for the electron (resp. muon) efficiency is expected and
observed in the electromagnetic crack (around 32◦ and 129◦) region (resp. the
end-cap KLM region only composed by the outer layers, i.e. 17◦ < θ < 25◦
and 145◦ < θ < 150◦).
Moreover, we can observe a small experiment dependence. This depen-
dence is almost negligeable in the barrel part of Figures 1–2, but should be
taken into account in the other θ regions. Because the aim is to evaluate a
7
Figure 5.11: Electron identification efficiency for data (left) and MC (right), in
60◦ < θ < 125◦ region (barrel), for Prob(e) > 0.5. Top and bottom plots correspond
to SVD1 and SVD2 respectively. [8]
where pµ is the muon momentum, pπ is the π momentum, and pK is the Kaon momentum.
5.4.1.3 K/π Identification
Charged hadron tracks are identified by using the ionisation energy deposition information
(dE/dx) from the CDC, velocity information from the TOF and the number of photo-
electrons in the ACC. The lik lihood of the particle is calculated using the products of
likelihoods from each sub detector as
Lhyp = LACC × LTOF × LdE/dx. (5.11)
The hadrons are then separated using the probability of a signal particle hypothesis. This
probability is defined as
Prob(sig/bkg) = L(signal)
L(signal) + L(background) . (5.12)
5.5 SuperKEKB and Belle II Detector
A successor to the Belle and KEKB facility is currently under construction, namely Belle
II and SuperKEKB, and will be ready for its first high luminosity physics run in 2019
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following a commissioning run in 2018. The SuperKEKB collider project was founded in
2008 and the ground breaking was in 2011. Its design peak luminosity is 8× 1035 cm−2
s−1 owing to a redesigned final focusing system called a “nano-beam" scheme as well as
higher currents. In 2018 SuperKEKB achieved a luminosity of 5× 1033 cm−2 s−1 during
commissioning, close to the KEKB design. The Belle II detector is expected to collect ∼50
ab−1 data, primarly at the Υ(4S) like Belle. Belle II is tasked to perform high precision









In this chapter, we give an overview of the physics
motivation for the SuperKEKB asymmetric B factory.
The overview covers the e+e  environment, achieve-
ments at Belle, and the range of physics achievable at
SuperKEKB with the Belle II experiment. The Su-
perKEKB physics program is diverse, and the range of
physics topics that can be studied is very broad. This
chapter provides justifications for the design integrated
luminosity, and plans for running at di↵erent centre-of-
mass energies.
1.1 Overview
The SuperKEKB facility designed to collide electrons
and positrons at centre-of-mass energies in the regions
of the ⌥ resonances. Most of the data will be collected
at the ⌥(4S) resonance, which is just above thresh-
old for B-meson pair production where no fragmenta-
tion particles are produced. The accelerator is designed
with asymmetric beam energies to provide a boost to
the centre-of-mass system and thereby allow for time-
dependent charge-parity (CP ) symmetry violation mea-
surements. The boost is slightly less than that at KEKB,
which is advantageous for analyses with neutrinos in the
final state that require good detector hermeticity.
SuperKEKB has a design luminosity of 8 ⇥
1035cm 2s 1, about 40 times larger that of KEKB. This
luminosity will produce 5 ⇥ 1010 b, c and ⌧ pairs, at a
rate of about 10 ab 1 per year (see Table 1.1).
1.1.1 The Intensity Frontier
The Standard Model (SM) is, at the current level of ex-
perimental precision and at the energies reached so far,
is the best tested theory. Despite its tremendous success
in describing the fundamental particles and their inter-
Table 1.1: Beauty, ⌥, charm and ⌧ yields. Per year
integrals are at design luminosity and are for guidance
only.
Channel Belle BaBar Belle II (per year)





s 7.0 ⇥ 106   6.0 ⇥ 108
⌥(1S) 1.0 ⇥ 108 1.8 ⇥ 1011
⌥(2S) 1.7 ⇥ 108 0.9 ⇥ 107 7.0 ⇥ 1010
⌥(3S) 1.0 ⇥ 107 1.0 ⇥ 108 3.7 ⇥ 1010
⌥(5S) 3.6 ⇥ 107   3.0 ⇥ 109
⌧⌧ 1.0 ⇥ 109 0.6 ⇥ 109 1.0 ⇥ 1010
actions, excluding gravity, it does not provide answers
to many fundamental questions.
The SM does not explain why there should be only
three generations of elementary fermions and why there
is an observed hierarchy in the fermion masses. The
masses and mixing parameters of the SM bosons and
fermions are not predicted and must therefore be de-
termined experimentally. The origin of mass of funda-
mental particles is explained within the SM by spon-
taneous electroweak symmetry breaking, resulting in a
scalar particle, the Higgs boson. However, the Higgs bo-
son does not account for neutrino masses. It is also not
yet clear whether there is a only single SM Higgs boson
or whether there may be a more elaborate Higgs sector
with other Higgs-like particle as in supersymmetry or
other NP models.
Studies of symmetries have often illuminated our un-
derstanding of nature. At the cosmological scale, there
is the unresolved problem with the matter-antimatter
asymmetry in the universe. While the violation of CP
2
 bb̄ '  cc̄ '  ⌧+⌧ Note: 
*





In this ch pter, we give an overview of the physics
motivation for the SuperKEKB asymmetric B factory.
The overview covers the e+e  environment, achieve-
ments at Belle, and the range of physics achievable at
SuperKEKB with the Belle II experiment. The Su-
perKEKB physics program is diverse, and the range of
physics topics that can be studied is very broad. This
chapter provides justifications for the design integrated
luminosity, and plans for running at di↵erent centre-of-
mass energies.
1.1 Overview
The SuperKEKB facility designed to collide electrons
and positrons at centre-of-mass energies in the regions
of the ⌥ resonances. Most of the data will be collected
at the ⌥(4S) resonance, which is just above thresh-
old for B-meson pair production where no fragment -
tion particles are produced. The accelerator is designed
with asymmetric beam energies to provide a boost to
the ce tre-of-mass system and thereby allow for time-
dependent charge-parity (CP ) symmetry violation mea-
surements. The boost is slightly less than that at KEKB,
which is advantageous for analyses with neutrinos in the
final state that require good detector hermeticity.
SuperKEKB has a design luminosity of 8 ⇥
1035cm 2s 1, about 40 times larger that of KEKB. This
luminosit will produce 5 ⇥ 1010 b, c and ⌧ pairs, at a
rate of about 10 ab 1 per year (see Table 1.1).
1.1.1 The Intensity Frontier
The Standard Model (SM) is, at the current level of ex-
perimental precision and at the energies reached so far,
is the best tested theory. Despite its tremendous success
in describing the fundamental particles and their inter-
Table 1.1: Beauty, ⌥, charm and ⌧ yields. Per year
integrals are at design luminosity and are for guidance
only.
Channel Belle BaBar Belle II (per year)





s 7.0 ⇥ 106   6.0 ⇥ 108
⌥(1S) 1.0 ⇥ 108 1.8 ⇥ 1011
⌥(2S) 1.7 ⇥ 108 0.9 ⇥ 107 7.0 ⇥ 1010
⌥(3S) 1.0 ⇥ 107 1.0 ⇥ 108 3.7 ⇥ 1010
⌥(5S) 3.6 ⇥ 107   3.0 ⇥ 109
⌧⌧ 1.0 ⇥ 109 0.6 ⇥ 109 1.0 ⇥ 1010
actions, excluding gravity, it does not provide answers
to many fundamental questions.
The SM does not explain why there should be only
three ge erations of elementary fermions and why there
is an observed hierarchy in the fermion masses. The
masses and mixing pa ameters of the SM bosons and
fermi ns are not predicted and must therefore be de-
termined experimentally. The origin of mass of funda-
mental particles is explained within the SM by spon-
taneous electroweak symmetry breaking, resulting in a
scalar particle, the Higgs boson. However, the Higgs bo-
son does not account for neutrino masses. It is also not
yet clear whether ther is a only singl SM Higgs boson
or whether there may be a more elaborate Higgs sector
with other Higgs-like particle as in supersymmetry or
other NP models.
Studies of symmetries have often illuminated our un-
derstanding of nature. At the cosmological scale, there
is the unresolved problem with the matter-antimatter
asymmetry in the universe. While the violation of CP
2
 bb̄ '  cc̄ '  ⌧+⌧ Note: 
*
* assuming 100% running at each energy
Expected	data	sample	@	full	luminosity
SuperKEKB luminosity projection





































Figure 5.12: Luminosity profile of the next generation B factory, Belle II at Su-
perKEKB.
times increase in luminosity also brings in higher more bnd, leading toackgrou detector
occupancy, pile-up, fake hits, increased trigger and DAQ rates, and radiation damage.
Most of the Belle detector has been replaced with components more suited to the much
high r readout rate, and to improve t e particle reconstruction performance. Some of the
impacts on physics analyses are highlighted below.
Owing to the use of pixel detectors at very small radius, the impact parameter and
vertex resolution should i prove by a factor of ∼ factor 2. Due to the larger radius of the
silicon strip detectors, the acceptance of KS decays is expected to increase by ∼ 30%. A
larger radius of the central drift chamber implies a larger level arm for track reconstruc-
tio , hence approxi tely 30% better invariant mass resolution on D0Kπ. New tracking
algorithms that are based on silicon only information improve slow π+ reconstruction ef-
ficiency. Belle II has fast signal shaping and waveform fits of electromagnetic calorimeter
ignals to preserve good energy resolution in the higher beam background environment.
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Replacement of the time of flight with a time of propagation Cerenkov imaging detector
leads to better K/π separation: reducing π → K fake rates by ∼ 2.5.
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6. Analysis Procedure
6.1 Event Sample
The data sample used in this measurement is based on the full Belle Υ(4S) data set, which
has an integrated luminosity of 711 fb−1 (equivalent to 772 M BB̄ pairs). Continuum
data taken 60 MeV below the Υ(4S) resonance is used to model the non-BB̄ background,
equal to 88 fb−1. Due to reliance on slow pion tracking, the data sample is divided into
two parts: experiments 7-27 which is based on the tracking algorithm of SVD1 (three
layered SVD), consisting of 140 fb−1. Experiments 31-65 are based on the new tracking of
SVD (four layered SVD), with better efficiency for slow pion momentum reconstruction.
Figure 6.1 shows the generated and reconstructed slow pion momentum distributions,
normalised. One can see that tracks with momenta below 100 MeV are reconstructed
with lower efficiency. Throughout the entire analysis, the samples are analysed separately




















Figure 6.1: Normalised distribution of slow pion momentum comparing generated
(red), generated after signal reconstruction (blue), and reconstructed momentum
(black) distributions.
based on lepton flavour (electrons and muons). Lepton flavour universality of the weak
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interaction predicts that the results should be compatible.
Monte Carlo simulated events are used to determined the analysis selection criteria,
study and estimate the background contribution, and estimate the signal reconstruction
efficiency. Run dependent detector and beam background conditions are used for all
simulations.
6.2 SM Study of B0 → D∗−`+ν` Decay
There are three form factors that contribute to the B0 → D∗−`+ν` decay in the CLN for-
malism. The uncertainties on the free parameters (ρ2, R1(1), R2(1)) have a non-negligible
impact on decay kinematics modelling. The values of the parameters used in this part of
the analysis are the world average (WA) values taken from the Heavy Flavour Averaging
Group (HFLAV) where ρ2 = 1.207±0.028, R1(1) = 1.401±0.033 andR2(1) = 0.854±0.020.
Variations to these parameters modify the kinematics of the decay. The helicity functions
defined in Chapter 3.3.3, modify the kinematics of B0 → D∗−`+ν` decays which are in-
vestigated with 3σ (±3σ) deviations of each form factor, with respect to world averages.
Figures 6.2, 6.3, and 6.4 show that the observables are most sensitive to variations in ρ2
and R2(1), and that w and cos θ` are particularly sensitive.
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Figure 6.2: Observables modified by varying ρ2 by ± 3σ.
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Figure 6.3: Observables modified by varying R1(1) by ± 3σ.
6.3 Study of B0 → D∗−`+ν` Decay with NP
We furthermore examine the impact of new sources of left and right-handed operators.
These studies are based on the models discussed in Chapter 4.2. The kinematic observables
are examined after variations to the helicity amplitudes due to the presence of both VL
and VR couplings. We consider real couplings only.
Figure 6.5 shows that the angular observables, cos θ` and cos θv, are most sensitive
to the addition of positive and negative (real) right handed couplings. The shape of the
recoil w distribution is more affected by a positive addition of a right handed coupling
as compared to a negative addition. The amplitude of the oscillating term in the|χ|
distribution can vary substantially. A combined analysis of all dimensions should allow
for simultaneous fitting of form factors and new physics operators. One can also compare
results separately for electrons and muons.
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Figure 6.4: Observables modified by varying R2(1) by ± 3σ.
6.4 Reconstruction of gB0 → D∗−`+ν` Decays
We reconstruct the signal in the decay chain, B0 → D∗−`+ν` with D∗− → D0π−s , D0 →
K−π+ while the lepton ` should be either a muon or an electron. This is the highest
purity charm decay mode, which is critical as this is ultimately a systematics dominated
analysis.
There are two charged pions in the decay; one is emitted from the D∗ meson decay
and is referred to as a "slow" pion, while the other is from D0 decay. The final state
particles to be reconstructed are two pions, a high momentum kaon and a light lepton.
The Belle detector detects and identifies the flavour of both charged pions, one charged
kaon, and leptons(e, µ) with high efficiency. These particles are reconstructed using the
Belle Analysis Software Framework (BASF) [51].
Hadronic event selection is required to mitigate background events due to beam back-
ground, radiative Bhabha and other QED processes with lower track multiplicity than
BB̄ events. The criteria are based on the multiplicity of charged tracks in these events,
and the visible energy deposited in the calorimeter. BB̄ is furthermore separated from
e+e− → qq̄, by applying requirements on event shape variables such as Fox-Wolfram Mo-
ments. They describe energy flow from high-energy particle collision events, introduced
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Figure 6.5: Observables modified in the presence of right-handed contributions in
helicity functions.
to describe e+e− annihilation event shapes. A requirement is applied on the ratio of the
second to zero Fox-Wolfram moments (R2), which must be less than 0.4 [52].
6.4.1 B0 Background
The background can be broken down into the following components.
• Fake leptons: processes where a hadron is misidentified as an electron or muon
and is combined with a true or a fake D∗.
• Fake D∗: mis-reconstructed D∗ combined with a true lepton.
• D∗∗: B → D̄∗∗`+ν decays where D̄∗∗ → D∗nπ or B → D∗π`ν via non-resonant
decay. These decay modes have charmD mesons (D,D0, D∗, D∗∗). The excited state





It has the same quark content as D meson and decay into either charged or neutral
D meson(s).
• Correlated background:processes where a lepton and D∗ come from the same
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mother and decays to B0 → D∗−τ+ν, τ → µ+νν plus any other type of decay
which is not signal and D∗∗ background.
• Uncorrelated background: processes where a correctly reconstructed D∗ is com-
bined with a true lepton but they do not originate from the same B0 meson.
• Continuum: processes where D∗` candidates originate from e+e− → qq̄. The
continuum is determined using off-resonance data.
6.4.2 D0 and D∗ Reconstruction
Charged particle tracks are required to originate from the interaction point, and to have
good track fit quality. The criteria for the track impact parameters in the r − φ and
z directions are: dr <2 cm and |dz| < 4 cm, respectively. In addition we require that
each track has at least one associated hit in any layer of the SVD detector. For pion and
kaon candidates, we use particle identification likelihoods determined using Cherenkov
light yield in the ACC, the time-of-flight information from the TOF, and dE/dx from
the CDC. Likelihoods for kaons and pions are considered: Kaon candidates must have a
likelihood, with respect to the pion, of greater than or equal to 0.6 and the pion candidates
must have likelihood, with respect to the kaon, of less than 0.6.
Neutral D0 meson candidates are reconstructed only in the clean D0 → K−π+ decay
channel. The daughter tracks are fit to a common vertex using a Kalman fit algorithm,
with a χ2−probability requirement of greater than 10−3 to reject background. The cor-
responding p-value distribution is shown in Figure 6.6. The reconstructed D0 mass is
required to be in a window of ±13.75 MeV/c2 from the nominal D0 mass of 1.865 GeV/c2,
corresponding to a width of 2.5 σ determined from data.
To reconstruct the D∗ candidate, the D0 candidate is combined with a charged slow
pion, (π+s ). This slow pion is reconstructed with low efficiency, due to its very low momen-
tum it does not pass through the whole CDC: it is therefore required to satisfy only loose
impact parameter criteria, and is not required to have an associated SVD hit. To minimise
prompt charm from e+e− → cc̄ continuum, the CM frame momentum of the D∗ must be
less than 2.45 GeV/c, as shown in Figure 6.14. The invariant mass difference between
the D∗ and the D candidates, ∆M = mD∗ − mD, is first required to be less than 165
MeV/c2 for the background fit, and further tightened for the signal yield determination,
to lie between 0.144 and 0.147 GeV/c2. Figure 6.8 shows the ∆M distribution.
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Figure 6.6: Distribution of vertex probability at D0 vertex for selection of K and π
candidates.
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Figure 6.7: Reconstructed D0 mass distribution distribution and the dashed line
indicates 3σ mass window.
6.4.3 B0 Candidate Selection
Candidate B mesons are reconstructed by combining D∗ candidates with an oppositely
charged electron or muon. Electron candidates are identified using the ratio of the energy
detected in the ECL to the momentum of the track, the ECL shower shape (E9/E25), the
distance between the track at the ECL surface and the ECL cluster centre, the energy loss
in the CDC (dE/dx) and the response of the ACC. For electron candidates we search for
nearby bremsstrahlung photons in a cone of 3 degrees around the electron track, and sum
the momenta with that of the electron. Muons are identified by their penetration range
and transverse scattering in the KLM detector. The angular acceptance region corresponds
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Figure 6.8: Distribution of ∆ M where the dashed line indicates the signal selection.
The colour scheme is defined in the Figure 6.7.
to that of the CDC, which covers the range [17◦, 150◦] for electrons. A charged track is
identified as an electron if the electron likelihood value is greater than 0.9 as shown in
Figure 6.9.





















Figure 6.9: The distribution of electron and muon ID. The colour scheme is defined
in Figure. 6.7.
In the momentum region relevant to this analysis, charged leptons are identified with
an efficiency of about 90%, while the probabilities to misidentify a pion as an electron or
muon is 0.25% and 1.5% respectively.We impose lower thresholds on the momentum of
the leptons, such that they reach the respective particle identification detectors for good
hadron fake rejection, as shown in Figure 6.10. To minimise the continuum background
contribution, the center-of-mass frame momentum of leptons must be less than 2.4 GeV/c
as shown in Figure 6.14. Tighter thresholds are applied later in the analysis procedure.
A final vertex fit is performed to reconstruct the B0, where D∗+`− candidates are
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Figure 6.10: Lepton momentum distribution in the lab frame and the dashed line
shows the region for signal selection. The plot on the left is for electrons and the
plot on the right is for muons. The colour scheme is defined in Figure. 6.7.
rejected if the vertex probability is less than 10−3. The corresponding p−value distribution
is shown in Figure 6.11. If there are multiple B0 candidates, the candidate with maximum
vertex probability is chosen such that there is only one candidate per event.












Figure 6.11: Distribution of vertex probability at B0 vertex for D∗+` candidates.
The colour scheme is defined in Figure. 6.7.
6.5 Determination of the B0 Rest Frame
To calculate theB0 momentum, we require information about the neutrino four-momentum,
but of course neutrinos are not detected in Belle, and instead we must constrain the four-
vector using information about the full Υ4(S) decay and known CM energy. The B0
momentum, (pB), can be estimated from the total momentum in the event and its direc-
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tion is constrained to lie on a cone centred on the D∗−`+ momentum vector as shown in
Figure 6.12. The opening angle of this cone, θB0,D∗−`+ is computed for each event. The
cosine of the angle θB0,D∗−`+ is determined by applying conservation of momentum of the
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Figure 6.12: Illustration of the B0 reconstruction technique.
pB = pD∗ + p` + pν , (6.1)
pν = (pB − pD∗`). (6.2)
By squaring Equation. 6.2 and setting pν = 0, we get
0 = m2B +m2D∗` − 2 (pB · pD∗`),









In the above equation, the energies, masses and momenta of the D∗ and the ` are found
through particle reconstruction and E∗B is taken from the known beam energy, Ebeam. The
beam energy information is used to calculate the mass, energy and momentum of the B0.
The (∗) indicates quantities calculated in the CM frame. This is a very important variable
for discriminating between signal and background, and is later used in a fit to measure
the background yields.
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6.5.1 Rest-of-Event and Neutrino Reconstruction
The B0 momentum can not be reconstructed without information about the neutrino in
the decay. The B0 rest frame must be determined for accurate calculation of the kinematic
variables defined in Chapter 3.3.3. The B0 momentum is calculated using the inclusive
information we derive from the rest of the event. The tracks and clusters from the other
side of the decay are selected by applying the following criteria.
• Neutral Particle Selection: lower energy thresholds are required to mitigate
beam background, which is more abundant in the forward and backward endcap
regions.
Eγ (MeV) θ
> 100 θ < 32◦ (forward)
> 150 θ > 130◦ (backward)
> 50 32◦<θ<130◦ (barrel)
• Charged Particle Selection: Impact parameter requirements are applied on
charged tracks to ensure they originate from near the collision origin, |dr| >0.4
cm and |dz| >2 cm. Additional criteria are applied to reject duplicate tracks: we
reject charged tracks that have a momentum difference of ∆p <100 MeV/c with
pT <275 MeV/c with another track in the event. The relative angle should be
θ < 15◦ and θ > 165◦ of the charged track and hence the track with larger value of
(5∆r)2 + (∆z)2 is selected.
The inclusive momentum vector is defined as




where ~pbeam is the total beam energy of the colliding beams it is defined as is the sum
of momenta of ~pHER and ~pLER and
∑
i ~pi is the sum of momenta of all the particles that
pass the criteria discussed above. The momentum of the remaining events which are not
associated with signals are shown in Figure 6.13
To estimate the four-momentum vector of the B0, its energy component is set to be
equal to E∗B =
√
s/2 when transforming the ~pinclusive vector into the CM frame. The
direction of the B0 momentum is unknown and is chosen in such a configuration where
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Figure 6.13: The figure on the left shows momentum of the recoil B0. The figure on
right shows the mass of the recoil B0. The colour scheme is defined in Figure 6.7.
pB0 is closest to the ~p∗inclusive vector on a cone, as depicted in Figure 6.12. The step by
step procedure to determine the signal B0 momentum vector is described as follows.
Magnitude of recoil B0 momentum
First we calculate the 3-momentum of the non-signal B0 with the rest of event information
in the lab frame (~rlab) by summing momenta of all charged tracks and clusters which are
not associated with signal. Calculate a boost vector from the total beam energy of the
system and calculate its energy component Elab. Extract the four-vector of the rest of
event (~rlab) by setting Elab as its energy component in the laboratory frame. Convert the
(~rlab) four-vector to the Υ(4S) frame i.e. CM frame. Invert the spatial coordinates of
(~rlab) to determine the hypothesis of signal B0 momentum four-vector.
Direction of signal B0
We determine the axis of rotation in order to find the direction of B0 momentum. The
procedure is as follows. First consider the momentum vector ~a of the D∗` system i.e.
~a = ~pD∗`. Find a unit vector of (~a) where (â) is parallel to the spatial momentum of the
D∗` system i.e. â = ~a|a| and ~c = ~rlab−(~rlab ·~a)×~a. Vectors ~b and ĉ are orthogonal to vector
~a i.e. ~b = ~a× ~c and finally the angle θB,D∗` is implemented via a (â) rotation around (~b).
Determination of the signal B0 momentum
We take ~a as above, multiplied by the momentum 3-vector of the beam i.e. ~a× ~p∗B0 = ~pB0
to derive the spatial component of the momentum vector. Then we convert ~pB0 to a four-
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vector by inserting the CM energy as the energy component of the pB0 . This now provides
us with the information to derive all kinematic observables for the angular analysis.
6.6 Background Estimation and corrections to the
simulation
The residual background in the event is measured through a fit procedure to PDFs derived
from Monte Carlo and off-resonance data. The MC background events are based on an
inclusive sample of B0 and B+ meson decays. The branching ratios of these decays in the
MC may be different to the true, measured values. Therefore, in order to ensure accurate
estimation of these simulated background decays, scale factors for the simulated events
are obtained by performing a fit to real data.
The simulated events are corrected for various effects. The lepton identification effi-
ciency is corrected with weights based on ee→ eeγ, ee→ µµ(γ), and J/ψ → `+`− control
studies, binned in lepton momentum, and polar angle [53]. The shape of the fake lepton
background is corrected for both electrons and muons using misidentification probabilities
measured in D∗ → D0π, D0 → Kπ events in bins of lepton momentum and polar angle.
Efficiency corrections for low momentum tracks, specifically slow pions from D∗+ decays
are also applied, based on control studies in a dedicated B → D∗`ν` sample in real data
[54].
To model the B → D∗∗`ν component, which is comprised of four P -wave resonant
modes (D1, D∗0, D′1, D∗2) for both neutral and charged B decays, we correct the branching
ratios and form factors. The P -wave charm mesons are categorised according to the an-
gular momentum of the light constituent, j`, namely the jP` = 1/2− doublet of D∗0 and D′1
and the jP` = 3/2− doublet D1 and D∗2. The shapes of the B → D∗∗`ν q2 distributions are
corrected to matched the predictions of the LLSW model [55]. An additional contribution
from non-resonant modes is considered, although the rate appears to be consistent with
zero in recent measurements.
After applying all the known corrections to the MC, background enhanced regions
of the observables cos θB,D∗`, ∆m = mD∗ − mD0 , and lepton momentum are used to
determine the background yields. In the cos θB,D∗` distribution, the signal process should
lie in interval (−1, 1) while the region outside this interval i.e. (−10, 5) is used to determine
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the background contributions. ∆M should lie in the region between 0.144 and 0.147
GeV/c2, while the region outside of this range is used to determine the background from
fake D∗ candidates. The momentum of the lepton is an important variable to determine
fake lepton background. p` is defined in the range with minimum value of 0.3 (0.6)
GeV/c for electron (muon) and maximum value of 3.0 GeV/c in the lab frame. Events are
required to have lepton momenta greater than 0.8 GeV/c for electrons and greater than
0.85 GeV/c for muons. This criterion greatly reduces the contamination from pions and
kaons misidentified as leptons.
6.6.1 Continuum background
Prior to the fit to determine the background yield, the continuum background is subtracted
using off-resonance data collected 60 MeV below the Υ(4S). The normalisation of this
component is calculated using the on-to-off resonance luminosity ratios separately for the
SVD1 and SVD2 samples, which have a 1% systematic uncertainty. The normalisation
ratio is further corrected for the CM energy dependence of the cross section for e+e− → qq̄.
The on-to-off ratio is examined in the event sphericity distribution, R2 (0 is spherical, 1
is jet-like), and in the momentum distribution of D∗ (in the CM frame). This is shown
in Figure 6.14. In the B decay depleted regions, R2 > 0.25 and p∗D∗ > 2.5 GeV/c there is
excellent agreement between on- and off-resonance data.
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Figure 6.14: The distribution of R2 and momentum of D∗ show good agreement
between on- and off-resonance data.
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6.6.1.1 Continuum Calibration
While the expected number of events from off-resonance appears to be correct, the kine-
matic distributions differ slightly due to the difference in centre of mass energies. We
derived weight factors in all kinematics bins and in cos θD∗`, to correct for these dif-
ferences, which are most prominent at cos θ` near -0.5 and at large hadronic recoil w.
Figure 6.15 shows the cos θD∗` and w distributions of the MC expectation for the contin-
uum on-resonance and off-resonance, with the off-resonance data overlaid, for the region
−0.6 < cos θ` < −0.4.
































Figure 6.15: The cos θB,D∗` and w distributions (normalised) showing on-resonance
MC, off-resonance MC and off-resonance data of the SVD1 electron sub-sample.
6.7 Background fit
A three dimensional (3D) distribution of the observables (cos θB,D∗`, ∆m, p`) is used to
fit the background yields using RooFit [56]. A binned extended maximum likelihood fit is
performed using signal and background histogram PDFs. These PDFs are modelled using
MC simulation with ten times the expected yield in real data. Continuum qq̄ is modelled
using off resonance data therefore it is not floated in the fit and is subtracted from the
on resonance data before the fit is performed. Signal, and the remaining background
components are floated in the fit to extract the yield. The mass difference ∆m is a
powerful discriminator between fake and true D∗, cos θB,D∗` separates out background
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from B → D∗∗`ν and D∗ and ` from different B, while p` provides a constraint on the
fake ` yield (which is relatively small). The bin ranges are as follows:
• ∆m: 5 equidistant bins in the range [141, 156] MeV/c2.
• cos θB,D∗`: 15 equidistant bins in the range [−10, 5].
• p∗` : 2 bins in the ranges [0.6, 0.85, 3.0] GeV/c for muons and [0.3, 0.80, 3.0] GeV/c
for electrons.
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Figure 6.16: The projections of the (cos θB,D∗`, ∆m, p` ) distributions after the fit,
for the sample SVD1(e).
Figures 6.16 to 6.19 show the projections of the fit results after performing the fit to
data for four subsamples: SVD1, SVD2 for electron and muon modes respectively. Using
the signal and background yields from the fit, scale factors are calculated based on the ratio
of fitted yield to the MC expected yield of each component. These scale factors are later
used to correct the background yield expectation in the analysis of the kinematic variables
(w, cos θ`, cos θv, χ) for the measurement of |Vcb| and form factor parameters. The scale
factors are listed in Table 6.1. The signal and background fractions are determined in the
signal window of the fitted distributions: −1 < cos θB,D∗` < 1, 144 MeV/c2 < ∆M < 147
MeV/c2, and p` > 0.8 GeV.
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Figure 6.17: The projections of the (cos θB,D∗`, ∆m, p`) distributions after the fit,
for the sample SVD1(µ). The colour scheme is defined in Figure 6.16.
Table 6.1: Signal and background scale factors from fit in the signal region. The
errors on the scale factors are calculated from the fit.
SVD1(e) SVD1(µ) SVD2 (e) SVD2 (µ)
Signal Events 0.949 ± 0.007 0.947 ± 0.006 0.949 ± 0.002 0.938 ± 0.002
Fake ` 0.432 ± 0.806 0.456 ± 0.204 0.380 ± 2.984 0.356 ± 0.119
Fake D∗ 0.973 ± 0.023 0.922 ± 0.019 1.034 ± 0.005 1.004 ± 0.005
D∗∗ 0.801 ± 0.056 0.574 ± 0.035 0.714 ± 0.019 0.511 ± 0.012
Signal Corr. 0.833 ± 0.223 1.265 ± 0.244 0.944 ± 0.048 1.476 ± 0.089
Uncorrelated 0.810 ± 0.070 0.806 ± 0.094 0.769 ± 0.023 0.929 ± 0.045
6.7.1 Validation of the Background Fit
Tests are performed to validate the fit procedure, error evaluation and to determine any
possible bias, namely a pull test and a “stream test", which are described in turn.
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Figure 6.18: The projections of the (cos θB,D∗`, ∆m, p` ) distributions after the fit,
for the sample SVD2 (e). The colour scheme is defined in Figure 6.16
Table 6.2: Signal and background fractions (%) for events selected in the signal
region of (| cos θB,D∗`|<1, 0.144 < ∆m < 0.147, pe > 0.80, pµ > 0.85)
SVD1(e) SVD1(µ) SVD2 (e) SVD2 (µ)
No. of Signal Cand. 19318 19748 88622 87060
Signal Events 83.31 ± 0.60 83.84 ± 0.54 84.80 ± 0.19 84.20 ± 0.21
Fake ` 0.10 ± 0.17 1.16 ± 0.73 0.10 ± 0.82 1.21 ± 0.40
Fake D∗ 3.17 ± 0.10 3.02 ± 0.06 3.08 ± 0.014 2.96 ± 0.02
D∗∗ 6.07 ± 0.42 4.19 ± 0.25 5.32 ± 0.14 3.82 ± 0.09
Signal Corr. 1.29 ± 0.35 2.08 ± 0.40 1.49 ± 0.07 2.52 ± 0.15
Uncorrelated 6.05 ± 0.52 5.23 ± 0.61 5.19 ± 0.15 5.27 ± 0.26
Continuum 4.29 ± 0.67 4.64 ± 0.77 4.68 ± 0.40 5.43 ± 0.47
6.7.1.1 Pull Test
The pull of a variable is defined as
pull = Fitted value - Expected valueFit Error . (6.6)
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Figure 6.19: The projections of the (cos θB,D∗`, ∆m, p` ) distributions after the fit,
for the sample SVD2 (µ). The colour scheme is defined in Figure 6.16
The pull is determined separately for each sub sample (SVD1e, SVD1µ, SVD2e, SVD2µ)
by building 2000 toy MC samples, taking the original histogram PDFs. The pull distribu-
tions are then fitted with single Gaussians. Figures 6.20, 6.21, 6.22 and 6.23 show the pull
distributions for all samples. The distributions show that the mean is consistent with 0,
and the width (σ) is consistent with 1 for the signal and each the background components.
The pull test also shows that the fitting procedure is reliable and there is no indication of
bias.










Prob   0.4012
Constant  158.6 ± 4.4
Mean      0.00537 ± 0.02266
Sigma     0.9913 ± 0.0162










Prob   0.2988
Constant  162.2 ± 4.5
Mean      0.01162 ± 0.02240
Sigma     0.9737 ± 0.0165










Prob   0.3466
Constant    162 ± 4.5
Mean     
Sigma    
−0.01336 ± 0.02194  
0.9679 ± 0.0154










Prob   0.002262
Constant  163.3 ± 4.6
Mean     
Sigma    
−0.02347 ± 0.02219  
0.9531 ± 0.0164








Prob   0.1335
Constant  160.1 ± 4.5
Mean      0.01924 ± 0.02231
Sigma     0.9798 ± 0.0168










Prob   0.1217
Constant  163.2 ± 4.5
Mean     
Sigma    
−0.0281 ± 0.0219  
0.9594 ± 0.0151
Figure 6.20: The pull distributions of the sample SVD1 for (e) mode.
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Figure 6.21: The pull distributions of the sample SVD1 for (µ) mode.









Prob   0.05369
Constant  157.5 ± 4.4
Mean      0.02704 ± 0.02278
Sigma     0.9948 ± 0.0162










Prob   0.7616
Constant  160.2 ± 4.4
Mean     0.002321 ± 0.022398
Sigma     0.9866 ± 0.0163










Prob   0.2431
Constant  158.6 ± 4.4
Mean     
Sigma    
−0.02226 ± 0.02257  
0.9909 ± 0.0166










Prob   0.7254
Constant    160 ± 4.5
Mean      0.03865 ± 0.02236
Sigma     0.9863 ± 0.0173










Prob   0.7878
Constant    160 ± 4.4
Mean     
Sigma    
−0.01523 ± 0.02241  
0.9876 ± 0.0164










Prob   0.1785
Constant  164.2 ± 4.6
Mean     −0.002019 ± 0.021718
Sigma     0.954 ± 0.016
Figure 6.22: The pull distributions of the sample SVD2 for (e) mode.
The mean and the standard deviations from the pull results are summarised in Figure
6.24. The results for all the subsamples are consistent within their respective errors, with
just a slight tendency to overestimate uncertainties in the fit by around 1-2% on average.
This has negligible impact on the final results.
6.7.1.2 Stream Test
A so called “stream test" is performed to check the fit procedure for any possible bias
using the MC data. In this procedure, one stream of MC data, which is equal to the total
integrated luminosity of the real data, is taken as pseudo data to perform the fit while the
remaining 9 streams are used to model the background PDFs in the fit. The fit should give
the same normalisation factors for each component with each stream, within uncertainty.
The ratio of signal and background components from the fit and the MC should be 1.0,
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Prob   0.2563
Constant  158.2 ± 4.3
Mean     
Sigma    
−0.03114 ± 0.02260  
0.993 ± 0.016










Prob   0.01795
Constant  158.6 ± 4.4
Mean     
Sigma    
−0.01689 ± 0.02254  
0.9829 ± 0.0159










Prob   0.727
Constant  161.1 ± 4.4
Mean      0.01768 ± 0.02227
Sigma     0.9801 ± 0.0157









Prob   0.5855
Constant  161.8 ± 4.6
Mean      0.03639 ± 0.02208
Sigma     0.973 ± 0.017










Prob   0.9869
Constant  158.8 ± 4.4
Mean     −0.02898 ± 0.02294
Sigma     1.001 ± 0.017










Prob   0.833
Constant  160.7 ± 4.4
Mean     
Sigma    
−0.001831 ± 0.022360  
0.9827 ± 0.0156
Figure 6.23: The pull distributions of the sample SVD2 for (µ) mode.


























Figure 6.24: Mean and standard deviation from the pull test for all sub samples.
which would show perfect agreement between MC in each stream sub-sample as well as
show fit stability.
Normalisation = Fit ValueMC Expectation Value ≈ 1.0. (6.7)
Figures 6.25 to 6.28 show the results for the stream test for all samples. There is no
indication bias in the stream test for all the samples. This implies the fit method is stable.
All the data samples are statistically independent and statistically consistent results are
obtained from all the fits.



























































































Figure 6.25: Stream Test for SVD1(e). Definitions of the background are in Section.
6.4.1
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Figure 6.26: Stream Test for SVD1(µ). Definitions of the background are in Section.
6.4.1
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Figure 6.27: Stream Test for SVD2(e). Definitions of the background are in Section.
6.4.1
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Figure 6.28: Stream Test for SVD2(µ). Definitions of the background are in Section.
6.4.1
6.7.2 Resolution of Kinematic Variables
Resolution is defined as δ = vrec − vtrue, where the vrec is the reconstructed value of the
variable and vtrue is the true value. The resolution tells us how effective the reconstruc-
tion algorithm is at measuring the decay distributions. A crude quantitative measure
of resolution is obtained by fitting the δ distribution with a (double) gaussian distribu-
tion. Resolution is small compared to the bin width of each observable (w, cos θ`, cos θv, χ)
which tells us that bin migration is reasonably small. The resolution for SVD2 is slightly
better than SVD1 cos θv due to better slow pion tracking. The weighted average width is
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Using the above equation the resolutions for the kinematic variables are tabulated in
Table 6.7.2 and the fitted resolution plots are shown in the Figure 6.29 and 6.30 for SVD1
and SVD2 respectively. SVD1 and SVD2 have identical resolution except cos θv which is
sensitive to slow pion reconstruction.
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Figure 6.29: Resolution of kinematic variables for SVD1(e+ µ) Sample.
Table 6.3: Resolution of the kinematic variables w, cos θ`, cos θv and χ.
Variable Bin Width SVD1(e+ µ) SVD2 (e+ µ)
w 0.05 0.020 0.020
cos θ` 0.20 0.038 0.038
cos θv 0.20 0.044 0.043
χ 0.63 0.210 0.210
6.7. BACKGROUND FIT 77
0.2− 0.1− 0 0.1 0.2










0.2− 0.1− 0 0.1 0.2












0.2− 0.1− 0 0.1 0.2













1− 0.5− 0 0.5 1













Figure 6.30: Resolution of kinematic variables for SVD2(e+ µ) Sample.
6.7.3 Efficiency
Efficiencies are calculated separately for each subsample, defined as
Efficiency = No. of Events After Signal SelectionTotal Generated Events , (6.9)
and summarised in Table 6.4. Electrons and muon modes are reconstructed with similar
efficiencies. The efficiency for the SVD2 sub-sample is higher by approximately 10% owing
to the additional silicon detector layer.
Table 6.4: Efficiency in each sample, where the error is due to finite MC statistics.
Data Sample Efficiency Value
SVD1 (e) 0.0821 ± 0.0007
SVD1 (µ) 0.0831 ± 0.0008
SVD2 (e) 0.0930 ± 0.0003
SVD2 (µ) 0.0913 ± 0.0003
Towards the zero recoil point, w = 1, theD∗ meson is at rest so the momentum transfer
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Figure 6.31: Binned efficiencies in the four kinematic variables w, cos θ`, cos θv and
χ.
is minimum and the efficiency decreases. In the case of cos θv, the efficiency drops when the
angle between D∗ and D0 meson is zero and the D∗ carries minimum momentum. Figure
6.32 shows the high correlation between cos θv and slow pion momentum. The drop in
efficiency at low cos θ` is due to low momentum leptons when the momentum transfer is
zero between the W and charged lepton as shown in Figure 6.32. The efficiency remains
flat in χ before and after the signal selection criteria, which suggests that acceptance is flat
across this spectrum. After correct background estimation and calculation of efficiencies
for all sub-samples, we will establish the fit procedure to extract F(1)|Vcb| and form factor
parameters in two parameterisation schemes.













































Figure 6.32: Two dimensional distribution of D∗ decay angle and slow pion momen-
tum (left) in the reconstructed signal MC. Two dimensional distribution of lepton
helicity angle and lepton momentum (right).
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7. Fit for F(1)|Vcb| in the CLN scheme
7.1 Fit Procedure
This chapter describes the fit procedure used to extract the CLN form factor parameters
(ρ2, R1(1), R2(1)) and F(1)|Vcb|. A similar procedure is applied in a later chapter to fit to
the BGL scheme. In both schemes, the parameters of interest are extracted using a binned
χ2 fit (with ROOT TMinuit), to the one-dimensional projections of kinematic variables
w, cos θ`, cos θv and χ. Bin to bin correlations are taken into account. Each variable
is divided into 10 bins such that there are a total of 40 bins in the χ2 fit. The events
produced in each bin are calculated as follows [37],
Nprodi = NB0 B(D∗+ → D0π+)B(D0 → K−π+) τB0 Γi, (7.1)
where Γi is the differential decay width calculated in that specific bin by integrating
Equation 3.42 in the kinematic variable corresponding to the bin i from the lower to the
upper boundary of that bin, while integrating the remaining variables over their full range.
NB0 is the number of B0s in the data sample. B(D∗+ → D0π+) and B(D0 → K−π+)
are branching ratios of D∗ and D0 meson respectively and τB0 is the lifetime of B0. The
bin index “i" refers to the bins of variable w from i = 1 to i = 10, cos θ` from i = 11 to
i = 20, cos θv from i = 21 to i = 30 and χ from i = 31 to i = 40 for variable. The CLN
parameterisation of the form factors is described in Chapter 3.3.2, which is used to extract
(ρ2, R1(1), R2(1)) and F(1)|Vcb| from the fit. The normalisation of the form factor hA1(w)
at zero recoil, hA1(1) = F(1), is taken from from unquenched lattice QCD calculations
[57],
F(1) = 0.906± 0.004± 0.012. (7.2)
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Here the first error is statistical and the second is the sum of all systematic errors in









where Ri,j is the detector response matrix (the probability of finding a true generated value
in a given reconstruction bin) and εj is the binned signal efficiency. Both these quantities
are calculated with MC samples corrected for imperfections in the simulation, as described
in the previous Chapter. The background in each bin is calculated as described in Chapter
6.7. The events thats are generated in this decay can be calculated as,
NEvents = NB0B(D0 → K−π+)B(D∗+ → D0π+)B(B0 → D∗+`ν`). (7.4)
The input variables and their values that enter in the fit are given in Table 7.1.





B(B0 → D∗−`+ν`) (4.93 ± 0.11) %
B(D∗+ → D0π+) (67.7 ± 0.5) %
B(D0 → K−π+) (3.93 ± 0.04) %
τB0 (1.52 ± 0.005)×10−12 s
GF 1.166378× 10−5 GeV−2
mB0 5279 ± 0.15 MeV
mD∗ 2010.26 ± 0.05 MeV
mD0 1864.83 ± 0.05 MeV
ρ2 1.301 (Belle MC)
R1(1) 1.181 (Belle MC)
R2(1) 0.710 (Belle MC)
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i )C−1ij (Nobsj − N
exp
j ), (7.5)
where Nobsi are the number of events in bin i of our data sample, and C−1ij is the inverse of
the covariance matrix. The covariance matrix is actually the variance-covariance matrix
whose diagonal elements are the variances and the off-diagonal elements are the covariance
for elements from the ith and jth position. The covariance is calculated by having the
variables w, cos θ` and cos θv and χ against each other. The off-diagonal elements are
calculated as in Ref. [37],
Cij = N pij −N pipj ∀ i 6= j, (7.6)
where pij is the relative probability of the two-dimensional histograms (w, cos θ`), (w,
cos θv), (w, χ), (cos θ`, cos θv), (χ, cos θ`) and (χ, cos θv) and pi and pj give the relative
probability of the one dimensional histograms of w, cos θ`, cos θv and χ. N is the total
size of the sample. The diagonal elements are the variances of N expi and are calculated




























+ σ2(Nbkgrdi ). (7.7)
This expression takes the Poissonian uncertainty of Nprod and N exp in each bin, and the
last term of the equation gives the total error associated with the background. The errors
from the scale factors of the different background components (including continuum) are
added linearly.
7.1.1 Comparison between Theory and MC
Before running the fit for F(1)|Vcb| and the form factor parameters it is important to cross-
check our theoretical model against the MC expectation. Both should be equivalent as they
are are both based on the CLN parameterisation. Therefore, by setting the values of the
form factor parameters in our theory model to the values we have in the MC generator, we
should expect a good agreement in distributions of the kinematic variables. In Figure 7.1
the normalised distributions of kinematic variables comparing theory and MC are shown.
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Very good agreement is found, suggesting that the generator and analytical approaches
are consistent. A small difference is found at large values of w, where the finite mass
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Figure 7.1: Distributions of kinematic variables w, cos θ`, cos θv and χ comparing
theory model with MC with ρ2 = 1.301, R1(1) = 1.181, R2(1) = 0.710 for e and µ
modes combined [9].
of the muon introduces a potentially measurable difference to the electron mode, shown
in Figure 7.2. The analytical approach used in the fit ignores the charged lepton mass.
Therefore a bound on the w is set to allow the use of the model that does not account
for finite masses. The bin boundaries for the kinematic variables w, cos θ`, cos θv, χ are
chosen within the kinematic allowed limit except for variable w whose maximum value
from Equation 3.40 is 1.504 but it is taken to be 1.50 for electrons and 1.49 for muons.
The remaining difference in the final muon w bin is much less than 1%.
7.1.2 Detector Response Matrices
The kinematic variables (θ`, thetaV , w, χ) have finite resolution due to detector effects
and reconstruction algorithms. This is described in Chapter 6.7.2. This effect leads to
bin migration, where true values of the these variables may be reconstructed in one of
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Figure 7.2: The w distribution near the kinematically allowed limit. The figure on
left is for the electron mode and figure of right is the muon mode. The red line
shows the theoretical model. The blue and black lines are MC predictions with and
without considering radiative photons respectively using PHOTOS.
several reconstruction-level bins. The response matrix is hence a two dimensional distri-
bution as a function of the reconstructed and true value of the kinematic variable. The
response matrix is calculated from MC where both reconstructed and true values are well
known. It is calculated separately for the kinematic variables because the bin migration
is only between the truth and reconstruction distribution but no migration between the
variables themselves. The response has to be taken into account while calculating the
theory prediction in order to include detector effects.
As shown in Table 6.3, the resolution is comparable to the width of the bins such that
bin migration is not large. Figures 7.3 and 7.4 show the response matrices for electrons
and muons where the x-axis shows reconstructed events and y-axis shows the true events.
The matrices are highly diagonal except for χ where resolution is poorer than the other
variables.
7.2 Fit Results for ρ2, R1(1), R2(1) & F(1)|Vcb|
The fit to the CLN parameterisation is performed for each sub sample. The results for
the form factors and F(1)|Vcb| are shown in Table 7.2. The p-valuse of each of the fits
is calculated based on the χ2 per degree of freedom, and it can be seen that all fits have











0.054 0.778 0.168 0.001
0.097 0.717 0.182 0.004
0.000 0.125 0.667 0.198 0.009
0.002 0.150 0.626 0.207 0.016
0.006 0.167 0.593 0.214 0.021 0.000
0.011 0.177 0.576 0.213 0.023 0.000
0.015 0.183 0.567 0.214 0.022
0.000 0.018 0.186 0.599 0.198
0.000 0.017 0.186 0.797






















0.961 0.037 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.024 0.952 0.021 0.001 0.001 0.000 0.000 0.000 0.000
0.000 0.027 0.948 0.023 0.001 0.000 0.000 0.000 0.000
0.000 0.000 0.041 0.917 0.040 0.001 0.000 0.000 0.000
0.000 0.001 0.067 0.871 0.060 0.001 0.000 0.000
0.000 0.003 0.097 0.816 0.082 0.001 0.000 0.000
0.000 0.001 0.005 0.129 0.757 0.106 0.001 0.000
0.000 0.001 0.001 0.006 0.164 0.698 0.128 0.002
0.000 0.001 0.001 0.001 0.007 0.196 0.657 0.137
0.000 0.000 0.001 0.000 0.001 0.008 0.212 0.777
























0.918 0.082 0.000 0.000 0.000
0.077 0.806 0.115 0.001 0.000 0.000 0.000 0.000
0.000 0.096 0.761 0.140 0.002 0.000 0.000
0.000 0.001 0.101 0.735 0.160 0.003 0.000
0.000 0.000 0.002 0.106 0.718 0.170 0.003 0.000 0.000
0.000 0.000 0.002 0.100 0.722 0.173 0.002 0.000 0.000
0.000 0.000 0.000 0.002 0.093 0.738 0.166 0.001 0.000
0.000 0.000 0.000 0.001 0.080 0.771 0.147 0.000
0.000 0.001 0.072 0.819 0.108
0.000 0.000 0.000 0.000 0.064 0.936




















0.660 0.150 0.015 0.005 0.002 0.002 0.002 0.005 0.016 0.142
0.128 0.692 0.141 0.012 0.004 0.002 0.002 0.002 0.004 0.013
0.011 0.132 0.698 0.134 0.012 0.004 0.002 0.002 0.002 0.003
0.003 0.012 0.147 0.672 0.140 0.015 0.004 0.002 0.002 0.002
0.002 0.004 0.015 0.161 0.635 0.155 0.018 0.005 0.002 0.002
0.002 0.002 0.005 0.018 0.155 0.634 0.162 0.015 0.004 0.002
0.002 0.002 0.002 0.005 0.015 0.141 0.671 0.147 0.013 0.003
0.004 0.002 0.002 0.002 0.004 0.013 0.135 0.696 0.131 0.012
0.013 0.004 0.002 0.002 0.002 0.004 0.012 0.139 0.692 0.130
0.143 0.016 0.005 0.002 0.002 0.003 0.004 0.015 0.150 0.661













Figure 7.3: Response matrices of four kinematic variables w, cos θ`, cos θv and χ in
the e sample.
acceptable values. The results for F(1)|Vcb| are consistent among all samples, as are the
branching fractions. The form factors are also quite consistent. Figures 7.5, 7.6, 7.7 and 7.8
are the distributions of the kinematic variable after the fit for four data samples, SVD1(e),
SVD1(µ) , SVD2(e), and SVD2(µ) respectively. The linear fit correlation coefficients are
given for the four sub-samples in Tables 7.3 to 7.6. There is a high correlation between
ρ2 and R2(1) but it does not exceed 0.9. The correlation between F(1)|Vcb| and the form
factor parameters is reasonable, though highest with ρ2.
7.2.1 Fit validation
Toy MC samples are performed to validate the fit procedure and compare the parame-
ter values obtained from the fit to the true values of the parameters. The pull for any





where fitparameter is the value of the parameter after the fit and the trueparameter is the
true MC value. A total of 900 toy samples are generated for each sub-sample the using
the uncertainty on the number of events in each bin. The distribution is then fitted using











0.051 0.785 0.164 0.001
0.096 0.728 0.172 0.004
0.000 0.126 0.676 0.190 0.008
0.002 0.149 0.631 0.203 0.014 0.000
0.006 0.165 0.600 0.209 0.020 0.000
0.010 0.181 0.578 0.209 0.022 0.000
0.016 0.187 0.572 0.205 0.019
0.000 0.019 0.195 0.600 0.186
0.000 0.017 0.195 0.788






















0.959 0.039 0.000 0.001 0.000 0.000 0.000
0.022 0.955 0.021 0.001 0.000 0.001 0.000 0.000
0.000 0.012 0.960 0.026 0.001 0.000 0.000 0.000
0.000 0.000 0.022 0.931 0.047 0.000 0.000 0.000 0.000
0.000 0.000 0.001 0.043 0.889 0.067 0.000 0.000 0.000
0.000 0.000 0.000 0.001 0.070 0.837 0.091 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.002 0.103 0.778 0.117 0.001 0.000
0.000 0.000 0.000 0.000 0.000 0.002 0.138 0.715 0.142 0.002
0.000 0.000 0.000 0.000 0.001 0.003 0.174 0.672 0.151
0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.193 0.803
























0.918 0.082 0.000 0.000 0.000 0.000 0.000
0.077 0.805 0.117 0.001 0.000 0.000 0.000
0.000 0.091 0.763 0.142 0.003 0.000 0.000 0.000
0.000 0.001 0.101 0.735 0.159 0.004 0.000 0.000 0.000
0.000 0.000 0.002 0.103 0.723 0.169 0.004 0.000 0.000
0.000 0.000 0.000 0.002 0.098 0.726 0.172 0.002 0.000 0.000
0.000 0.000 0.000 0.001 0.091 0.745 0.161 0.001
0.000 0.001 0.083 0.771 0.144 0.000
0.000 0.000 0.001 0.074 0.817 0.107
0.000 0.000 0.000 0.066 0.934




















0.653 0.152 0.016 0.005 0.003 0.002 0.003 0.005 0.017 0.144
0.129 0.686 0.143 0.013 0.004 0.002 0.002 0.003 0.004 0.014
0.012 0.130 0.693 0.138 0.013 0.004 0.002 0.002 0.002 0.004
0.004 0.013 0.147 0.667 0.142 0.015 0.005 0.003 0.002 0.002
0.003 0.004 0.016 0.160 0.630 0.158 0.018 0.006 0.003 0.002
0.002 0.003 0.006 0.018 0.156 0.629 0.164 0.016 0.005 0.002
0.002 0.002 0.003 0.005 0.015 0.142 0.667 0.148 0.013 0.004
0.004 0.002 0.002 0.002 0.004 0.013 0.138 0.692 0.131 0.012
0.014 0.005 0.003 0.002 0.002 0.004 0.013 0.141 0.686 0.129
0.144 0.017 0.005 0.003 0.002 0.003 0.005 0.016 0.152 0.654













Figure 7.4: Response matrices of four kinematic variables w, cos θ`, cos θv and χ in
the µ sample.
ROOT. The pull plots are shown in Figs. 7.9, 7.10, 7.11 and 7.12, and the results from
the pull are summarised in Table 7.7. It can been in Table 7.7 that the mean and sigma
obtained from the studies are correctly at 0 and 1 respectively. The fitted sigma values for
ρ2 are slightly larger than 1, however this is due to a slightly non-Gaussian distribution
of the pull distribution where the Gaussian undershoots the pull in the core.
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Table 7.2: Fit Results for the four sub-samples. For reference, the world average
values are ρ2 = 1.207 ± 0.028, R1(1) = 1.401 ± 0.038, R2(1) = 0.854 ± 0.020 and
|Vcb| = 35.81 ± 0.11 ×10−3.
Variable SVD1(e) SVD1(µ) SVD2 (e) SVD2 (µ)
ρ2 1.165 ± 0.099 1.165 ± 0.102 1.087 ± 0.046 1.095 ± 0.051
R1(1) 1.326 ± 0.106 1.336 ± 0.102 1.117 ± 0.040 1.289 ± 0.048
R2(1) 0.767 ±0.073 0.777 ± 0.074 0.861 ± 0.030 0.882 ± 0.034
F(1)|Vcb| ×
10−3
34.66 ± 0.48 35.01 ± 0.50 35.25 ± 0.23 34.98 ± 0.24
χ2/ndf 35.8/36 36.0/36 44.1/36 43.5/36
p-Value 0.48 0.47 0.17 0.18
B.F [%] 4.84 ± 0.06 4.91 ± 0.06 4.88 ± 0.03 4.82 ± 0.03
Table 7.3: Statistical correlation matrix of the fit parameters in the SVD1(e) sample.
ρ2 R1(1) R2(1) F(1)|Vcb|
ρ2 1.000 0.615 -0.887 0.608
R1(1) 1.000 -0.717 -0.100
R2(1) 1.000 -0.215
F(1)|Vcb| 1.000
Table 7.4: Statistical correlation matrix of the fit parameters in the SVD1(µ) sample.
ρ2 R1(1) R2(1) F(1)|Vcb|
ρ2 1.000 0.617 -0.888 0.625
R1(1) 1.000 -0.706 -0.100
R2(1) 1.000 -0.240
F(1)|Vcb| 1.000
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Table 7.5: Statistical correlation matrix of the fit parameters in the SVD2(e) sample.
ρ2 R1(1) R2(1) F(1)|Vcb|
ρ2 1.000 0.578 -0.882 0.711
R1(1) 1.000 -0.664 -0.010
R2(1) 1.000 -0.338
F(1)|Vcb| 1.000
Table 7.6: Statistical correlation matrix of the fit parameters in the SVD2(µ) sample.
ρ2 R1(1) R2(1) F(1)|Vcb|
ρ2 1.000 0.551 -0.877 0.714
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Figure 7.5: Projections of w, cos θ` and cos θv and χ after the fit to the CLN scheme
for data sample SVD1 (e). The colour scheme in Figure. 6.16.
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Figure 7.6: Projections of w, cos θ` and cos θv and χ after the fit to the CLN scheme
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Figure 7.7: Projections of w, cos θ` and cos θv and χ after the fit to the CLN scheme
for data sample SVD2 (e). The colour scheme Figure. 6.16.
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Figure 7.8: Projections of w, cos θ` and cos θv and χ after the fit to the CLN scheme
for data sample SVD2 (µ). The colour scheme 6.16.
Table 7.7: Results from the pull study for the parameters (ρ2, R1(1), R2(1) and
F(1)|Vcb|)
SVD1(e) SVD1(µ) SVD2(e) SVD2(µ)
ρ2
Mean 0.042 ± 0.038 0.015 ± 0.035 -0.007 ± 0.040 0.034 ± 0.037
Sigma 1.082 ± 0.031 1.035 ± 0.025 1.162 ± 0.030 1.081 ± 0.030
R1(1)
Mean -0.010 ± 0.035 -0.029 ± 0.033 -0.002± 0.035 0.022 ± 0.035
Sigma 1.010 ± 0.030 0.945 ± 0.024 1.033 ± 0.024 1.002 ± 0.025
R2(1)
Mean -0.033 ± 0.035 0.042 ± 0.033 -0.013 ± 0.037 -0.014 ± 0.036
Sigma 1.019± 0.026 0.932 ± 0.024 1.061± 0.029 1.033 ± 0.025
F(1)|Vcb|
Mean 0.026 ± 0.033 0.027± 0.034 -0.050 ± 0.038 0.003 ± 0.035
Sigma 0.968 ± 0.027 0.983 ± 0.025 0.967± 0.025 1.012 ± 0.025
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Figure 7.9: Pull distributions for the CLN fit in the SVD1(e) subset.
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Figure 7.10: Pull distributions for CLN fit in the SVD1(µ) subset.
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Figure 7.11: Pull distributions for the CLN fit in the SVD2(e) subset.
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Figure 7.12: Pull distributions for the CLN fit in the SVD2(µ) subset.
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8. Systematic Uncertainties and Fi-
nal CLN results
In the previous chapter, we were able to extract the values of the form factor parameters
and F(1)|Vcb| along with the statistical uncertainty associated with them. In this chapter
we consider additional sources of uncertainty that are associated with the nature of the
measurement, assumptions made in the experiment, or the models used to make inferences
based on the observed data. There are number of external sources of errors contributing
to the systematic uncertainties.
The systematic uncertainties arises due to following sources:
• tracking efficiencies,
• lepton identification efficiencies,
• lepton fake rate corrections,
• hadron identification efficiencies,
• branching fractions of B(D∗+ → D0π+) and B(D0 → K−π+),
• the B0 life time,
• the total number of Υ(4S) in the data sample,
• the ratio of B0B̄0 to B+B− i.e. f+−/f00 = B(Υ(4S)→ B+B−)/B(Υ(4S)→ B0B̄0),
• B → D∗∗`ν composition, and shape functions as well as D∗∗ branching fractions.
Note that the errors from the background fit are already propagated into the fit/statistical
uncertainty, as are the uncertainties due to finite MC statistics. The latter are very low
due to the use of 10 streams of signal MC.
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8.1 Sources of Systematic Uncertainties
8.1.1 High momentum tracking
There are four charged tracks in the decay, two pions and a kaon along with a charged
lepton. The track finding uncertainty is calculated for all tracks, except for the slow pion
from the D∗. The error associated the slow (pions) tracks are calculated separately. The
uncertainty associated with each fast track is a constant 0.35% which is multiplied by the
number of fast tracks for signal events due as there is 100% correlation.
8.1.2 Slow pion tracking
The uncertainty associated with slow pion tracking is calculated in bins of slow pion
momentum in the lab frame. There are three uncertainties associated with the slow
pion efficiency correction, one statistical error and two systematic errors. The systematic
errors are correlated and therefore added linearly and the total error is calculated using
the quadratic sum of the statistical and systematic errors. The errors are calculated with
calibration samples for SVD1 and SVD2 samples separately, and therefore combined in
inverse quadrature for the full sample.
8.1.3 Hadron identification
There is a small uncertainty associated to the kaon and pion identification criteria used
for the daughters of the D0 candidates. Due to the use of relatively loose criteria, we find
that the efficiencies are very high and with very low uncertainty. It is therefore negligible
with respect to other sources of uncertainty.
8.1.4 Lepton Identification
The systematic error due to lepton identification efficiency correction is calculated in bins
of lepton momentum in the lab frame, and the lepton polar angle. There are three errors
associated with the lepton identification table, one statistical error and two systematic
errors. The statistical errors among different bins are independent, while the systematic
errors should be considered to be 100% correlated and are added linearly. The systematic
uncertainty is calculated for electron and muon modes separately combining the SVD1
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and SVD2 samples. The total systematic error due to lepton identification efficiency is
calculated by inverse quadrature sum of uncertainty due to electron and muon samples.
8.1.5 Lepton fake rates
There is a small probability that the candidate leptons originate from misidentified hadrons.
A calibration sample of D∗ → D0, D0 → Kπ was studied to determine this probability
with data and correct the MC expectation. The uncertainties associated to the statistical
error of this calibration sample are propagated into the analysis. The overall uncertainty
is small, as the the overall fake rate is anyway floated in the background fit.
8.1.6 B → D∗∗`ν Branching Ratios and Form Factors
We account for uncertainties in the B → D∗∗`ν component. The shapes of the B → D∗∗`ν
q2 distributions are corrected to match the predictions of the LLSW model [55]. The errors
on the branching fractions are varied by ± two standard deviations for both the B and the
D∗∗ decays. The errors associated with the LLSW form factor parameters are calculated
using the procedure described in Ref. [58].
8.1.7 D∗ and D0 Branching fractions
The systematic uncertainty associated with the B(D∗+ → D0π+) and B(D0 → K−π+)
corrections are calculated as the relative error on the branching fraction.
8.1.8 B0 yield in the data sample
The B0 yield is determined with two input parameters: the measured yield of Υ(4S)
in the data sample, and the fraction of those Υ(4S) that decay to a B0/B̄0 pair. The
former is measured by the Belle collaboration using the number of hadronic events on
and off-resonance and taking the difference. The latter is taken from the world average
measurement of the Υ(4S) branching ratio, which is 48.6± 1.4 %.
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8.1.9 Calculation of Systematics Uncertainties using Toy
Samples
We estimate systematic uncertainties by varying each possible uncertainty source such as
the PDF shape and the signal reconstruction efficiency with the assumption of a Gaussian
error, unless otherwise stated. This is done via sets of pseudo-experiments in which each
independent systematic uncertainty parameter is randomly varied using a normal distri-
bution. The entire analysis is repeated for each pseudo-experiment and the spread on
each measured observable is taken as the systematic error. This approach also provides
the necessary information to determine the systematic uncertainty correlations between
each measured observable.
It should be noted that the uncertainties due to fast track reconstruction, number of
Υ(4S) in the data sample, B(D∗+ → D0π+s ),B(D0 → Kπ) and B0 life time does not effect
the form factor parameters.
The breakdown of the systematic error is tabulated in Table 8.1. The total uncertainty
is determined from the quadratic sum of all uncertainties.
8.2 Results
The final results combining the subsample results through a weighted average are presented
with their respective total statistical and systematic errors are shown in Table 8.2. The
value of F(1)|Vcb| × 10−3ηEW is found to be less than one standard deviation from the
world average, 35.6 ± 0.1 ± 0.4, as is B(B0 → D∗−`+ν`), where the world average is
4.88± 0.01± 0.10. This work is the most precise evaluation of these quantities to date.
8.3 Lepton flavour universality
After calculating B(B0 → D∗−`+ν`) for both electrons and muons, their respective ratio
can be determined. In this ratio most of the systematic uncertainties cancel, with the
exception of those associated to lepton identification. This is a very stringent test of
lepton flavour universality, showing excellent agreement with unity.
The branching fractions for the electron and muon modes, and their statistical uncer-
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Table 8.1: Systematic uncertainty breakdown for |Vcb|, branching fraction and form
factor parameters in the CLN form factor parameterisation. The lepton ID uncer-
tainties are given for the e and µ subsets as well as the combined value.
Systematic Uncertainties ρ2 R1(1) R2(1) F(1)|Vcb| [%] B.F. [%]
Slow pion efficiency 0.005 0.002 0.001 0.65 1.29
Lepton ID (e)-sample 0.016 0.026 0.016 0.78 1.49
Lepton ID (µ)-sample 0.001 0.006 0.004 1.13 2.28
Lepton ID combined 0.001 0.006 0.004 0.68 1.38
B(B → D∗∗`ν) 0.002 0.001 0.002 0.26 0.52
B → D∗∗`ν Form factors 0.003 0.001 0.004 0.10 0.22
f+−/f00 0.001 0.002 0.002 0.52 1.06
Fake e/µ 0.004 0.006 0.001 0.11 0.21
Norm. continuum 0.002 0.002 0.001 0.01 0.06
Fast track efficiency - - - 0.53 1.05
N(Υ(4S)) - - - 0.68 1.37
B0 life time - - - 0.13 0.26
B(D∗+ → D0π+s ) - - - 0.37 0.74
B(D0 → Kπ) - - - 0.51 1.02
Total Systematic Error 0.008 0.009 0.007 1.55 3.11
tainties are as follows.
B(B0 → D∗+e−ν) = (4.87± 0.03)%
B(B0 → D∗+µ−ν) = (4.84± 0.03)%
The ratio of branching fractions for (e/µ) is calculated as follows:
B(B0 → D∗+`−ν) = Nsignals after fit
ε× B(D∗+ → D0πs)× B(D0 → Kπ)×NB0
.




= 1.01± 0.01± 0.03.
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Table 8.2: Results for the full sample in the CLN scheme.
Parameters Values
ρ2 1.106 ± 0.031 ± 0.008
R1(1) 1.229 ± 0.028 ± 0.009
R2(1) 0.852 ±0.021 ± 0.007
F(1)|Vcb| × 10−3ηEW 35.1 ± 0.2 ± 0.5
B(B0 → D∗−`+ν`) (4.86 ± 0.02 ± 0.15)%
9. Fit for F(1)|Vcb| in the BGL scheme
To perform the fit to the BGL parameterisation we follow the approach described in Ref.
[59]. We similarly truncate the series in the expansion for af and ag terms at O(z2) and
order O(z3) for F1. This results in five free parameters (one more than in the CLN fit),
defined as ãfi = |Vcb|ηEW a
f




i where i = 0, 1 and ã
F1
i = |Vcb|ηEW a
F1
i ,
where i = 1, 2. This number of free parameters can describe the data well, while higher
order terms will not be well constrained unless additional information from lattice is
introduced. We found that there can be very high correlations (much greater than 90%)
in the six-parameter fit between ãg0 and ã
g
1, and decided therefore not to use the second
order in the agi term. We apply a unitarity bound as in Ref. [59], and described in Chapter
3.
We perform a χ2 fit to the data with the same procedure as for the CLN fit described in
Chapter 8. The resulting value for |Vcb| is larger than that from the CLN parameterisation,
and consistent with the inclusive approach. The fit results are given in Table 9.1 and Fig.
9.1. Correlations are generally high in this fit approach, and would greatly benefit from
further LQCD points away from zero recoil. For this reason it was not possible to reliably
fit the SVD1 subsets, and instead the combined SVD1 and SVD2 samples are fit. We
find very good agreement for |Vcb| in in the electron and muon modes. The fit correlation
matrices are given in Table 9.3 and Table 9.4 for electron and muon modes respectively.
Table 9.2 shows the results for the combination of the electron and muon modes.
Finally the systematic uncertainties are evaluated with the same procedure as described
in Chapter 8.
The result for F(1)|Vcb|ηEW is 10% larger in the BGL than in the CLN approach, and
with a larger uncertainty owing to the larger number of free parameters. Both sets of
fits give acceptable χ2/ndf for the data-subsets, however the BGL fit does have better
agreement with the data over the full data set. The larger expected result from BGL was
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Table 9.1: Fit Results for the electron and muon sub-samples in the BGL param-
eterisation where the following parameters are floated:ãf0 , ãf1 , ãF11 , ãF12 , ãg0 × 102
along with F(1)|Vcb|ηEW × 103. The p−value corresponds to the χ2/ndf using the
statistical errors only.
e µ
ãf0 × 102 0.0566 ± 0.0005 0.0561 ± 0.0006
ãf1 × 102 0.0758 ± 0.0243 0.0644 ± 0.0281
ãF11 × 102 0.0264 ± 0.0010 0.0288 ± 0.0106
ãF12 × 102 0.2771 ± 0.1866 0.3712 ± 0.2078
ãg0 × 102 0.0963 ± 0.0027 0.1110 ± 0.0031
F(1)|Vcb|ηEW × 103 38.89 ± 0.34 38.56 ± 0.38
χ2/ndf 57/35 40/35
p-value 0.01 0.26
also seen in studies in Refs. [59] and [2].
Taking the value of F(1) = 0.906±0.013 from Lattice QCD [12] and ηEW = 1.0066 from
[32], we find the following values for |Vcb|: (42.5± 0.3± 0.7± 0.6)× 10−3 (BGL+LQCD).
Note that we round to one significant figure in the final result.
Table 9.2: Combined results for the full data set in the BGL scheme. Note that the
precision on F(1)|Vcb|ηEW × 103 is rounded to one decimal place.
Parameters Values
ãf0 × 102 0.0564 ± 0.0004
ãf1 × 102 0.0701 ± 0.0183
ãF11 × 102 0.0276 ± 0.0071
ãF12 × 102 0.3242 ± 0.1388
ãg0 × 102 0.1037 ± 0.0020
F(1)|Vcb|ηEW × 103 38.7 ± 0.3
103










774 ãf0 1.000 -0.803 -0.774 0.668 -0.035
ãf1 1.000 0.486 -0.425 -0.377
ãF1 1.000 -0.981 0.062
ãF2 1.000 -0.050
ãg0 1.000










ãf0 1.000 -0.776 -0.773 0.667 -0.041
ãf1 1.000 0.458 -0.398 -0.440
ãF1 1.000 -0.981 0.080
ãF2 1.000 -0.067
ãg0 1.000
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Figure 9.1: Results of the fit with the BGL form factor parameterisation. The re-
sults from the SVD1 and SVD2 samples are added together. The electron modes
are on the left and muon modes on the right. The points with error bars are the
on-resonance data. Where not shown, the uncertainties are smaller than the black
markers. The histograms are, top to bottom, the signal component, B → D∗∗ back-
ground, signal correlated background, uncorrelated background, fake ` component,
fake D∗ component and continuum.
10. Conclusion
In this thesis we present a new study with data from the Belle experiment of the decay
B → D∗`ν. We present the most precise measurement of |Vcb| from exclusive decays, and
the first direct measurement using the BGL parameterisation. The theoretically favourable
BGL parameterisation gives a higher value for |Vcb|, which is closer to that expected from
the inclusive approach [60, 61, 62]. This may be the solution to the long standing tension.
This result has implications for semileptonic decay modelling in other studies, such as the
measurements of |Vub|, and B(B → D(∗)τν).
We find the following values for |Vcb|:
|Vcb| = (38.7± 0.2± 0.6± 0.5)× 10−3 (CLN + LQCD) and (10.1)
|Vcb| = (42.5± 0.3± 0.7± 0.6)× 10−3 (BGL + LQCD). (10.2)
We also place stringent bounds on lepton flavour universality violation between electron
and muon channels, which has been observed to be consistent with unity.
B(B0 → D∗+e−νe)
B(B0 → D∗+µ−νµ)
= 1.01± 0.01± 0.03 (10.3)
The fit with the BGL parameterisation gave p-values that were very good, suggesting
a SM description of this decay is most suitable. Limits on new phenomena, such as right
handed currents described in this thesis, can be placed using the spectra measured in this
thesis and will be the subject of future work.
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